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The combined effect of the variation of the interelectrode gap~1.3–2.5 cm! and radio frequency
~13.56–50 MHz! on the properties of highly diluted silane in hydrogen discharges used for the
deposition of microcrystalline silicon thin films is presented. The investigation included electrical
and optical discharge measurements as well as thein situ determination of the film growth rate. In
the lower frequencies regime, the increase of the interelectrode gap for the same applied voltage
results in higher current flows and higher total power dissipation. On the other hand, at 50 MHz the
variation of the interelectrode space has only a slight effect on the total power dissipation, due to the
low excitation voltage. However, at all frequencies, the increase of the interelectrode space results
in a drop of the power dissipation per discharge volume. This is related to the less effective energy
transfer to the electrons that is due to the enhancement of the bulk relative to the sheath ohmic
heating. The variation of the relative importance of the electron heating modes is reflected in the
discharge radical production efficiency and the film growth rate. ©2002 American Vacuum
Society. @DOI: 10.1116/1.1421599#
o

-

ge
a
c

th
t

re
di
er
a

e
ry
t o

nd
o

n–

u
ls
m

ga

n

d to
sto-
DF
of

pri-
nt

f
en-
ergy
de

are
een

pti-
or-
all
ncy

of

-
the
zes
e
50
re-
m-
the
the

ma
I. INTRODUCTION

Capacitive radio-frequency~rf! discharges are widely
used for the deposition of device quality hydrogenated am
phous~a-Si:H! and microcrystalline (mc-Si:H) silicon thin
films for microelectronics.1,2 The main macroscopic dis
charge parameters in the deposition of eithera-Si:H or
mc-Si:H are the rf power, the rf frequency, the dischar
geometry, the nature of the feed gas or the gas mixture,
the total gas pressure. The variation of these parameters
significantly alter the discharge properties by affecting
charged particle kinetics, the gas phase chemistry, and
plasma–surface interaction. Thus, significant effort is
quired for determination of the optimum deposition con
tions, while in most cases the synergetic effect of the diff
ent combinations of these discharge parameters has to
be considered in order to extract unambiguous results.

Among the above-mentioned parameters, an increas
the plasma excitation frequency from 13.56 MHz to ve
high frequency has been found to have a beneficial effec
the film deposition rate3 without significantly affecting the
film properties.4 This has led to a number of theoretical a
experimental studies dealing with the effects of frequency
the plasma structure,5 the ion and electron kinetics,6 the elec-
tron energy distribution function~EEDF!,7 the power
dissipation,8 and the production of radicals through electro
molecule collisions.9

In addition, the changes of the discharge geometry res
ing from the modification of the interelectrode gap have a
been the subject of many studies dealing with plas
physics,10,11 gas phase chemistry,12,13 film growth rate, and
properties.14–18 More precisely, Godyaket al.10 and Kimura
et al.11 have reported the EEDF dependence on the

a!Author to whom correspondence should be addressed; electronic
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pressure–interelectrode gap productPd. In both studies, a
transition of the EEDF from a bi-Maxwellian to Maxwellia
and to Druyvesteyn type distribution with the increase ofPd
has been reported, and this transition has been attribute
the change of the electron heating mechanism from the
chastic to the ohmic heating mode. The change of the EE
with the variation of the basic geometric characteristics
the discharge has also been identified by investigating
mary electron–molecule collision processes with differe
electron energy requirements.12 In this study, the increase o
the interelectrode gap has been found to give a relative
hancement of the low energy processes against high en
ones. Finally, the effect of the variation of the interelectro
space on the deposition rate ofa-Si:H films as well as on
their optoelectronic properties has also been addressed.14–18

Although some of the results presented in these studies
controversial, in all these cases interelectrode gap has b
identified as an effective external control parameter for o
mization of the deposition rate, suppression of particle f
mation, and improvement of the film properties. However,
these studies were carried out at the conventional freque
of 13.56 MHz and deal only with the deposition ofa-Si:H
thin films.

The work presented here aims at studying the effect
interelectrode gap on the deposition process ofmc-Si:H
from highly diluted SiH4 in H2 discharges operated at fre
quencies higher than 13.56 MHz. The basic purpose of
work was to determine the interelectrode gap that optimi
the deposition rate ofmc-Si:H for a specific set of discharg
conditions at each frequency in the range from 13.56 to
MHz. In this sense, special attention has been given in
vealing perturbations in the microscopic discharge para
eters that could affect the deposition rate. More precisely,
alteration of the power dissipated in the discharge due to
il:
6802Õ20„1…Õ68Õ8Õ$19.00 ©2002 American Vacuum Society



te
s
to
t

al
all
T
rg
th
er

ac

th
tro

ce
od

2
to
le
ra
lv
e
te
w

th
an
e
ea
a

ac
d

he

ns
il

u
a

p

Fi
in

ng
A

z,
tion
fre-
the
also
.
c-

e of
ase
t 50
t no

ads
ch

the
as
dis-
the

dis-
efi-

dis-
dis-

un-
he
e
me

nce
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modification of the interelectrode distance was accura
measured19 and an effort was made to relate these change
the relative importance of the bulk/sheath ohmic and s
chastic electron heating mechanisms. The changes in
relative importance of these mechanisms were addition
associated with the production of radicals through spati
resolved optical emission spectroscopic measurements.
alteration of the power actually consumed in the discha
and the production of radicals were finally correlated to
film growth rate and discussed in terms of the role of diff
ent film precursors.

II. EXPERIMENT

Film deposition studies have been performed in a cap
tively coupled ultrahigh vacuum~UHV! parallel plate reac-
tor, with a base vacuum of 1029 mbar. The reactor is
equipped with a load lock system for transportation of
substrates and with four quartz windows suitable for spec
scopic observations. The grounded~deposition! electrode~90
mm in diameter! is mounted on an UHV linear motion
feedthrough, allowing variation of the interelectrode spa
In the present study the distance between the two electr
has been varied between 1.3 and 2.5 cm. In all cases the
SiH4 in H2 gas mixture has been delivered in the reac
through a showerhead array of holes in the powered e
trode, at a total pressure of 0.5 Torr. Pressure and flow
are independently adjusted by a downstream throttle va
controller and an upstream mass flow controller, respectiv
The films were deposited on Corning 7059 glass substra
heated at a temperature of 250 °C. The deposition rate
measuredin situ using laser reflectance interferometry.

The power actually consumed in the discharge and
discharge impedance was determined by using Fourier tr
form voltage and current analysis. The voltage and curr
wave forms were measured on the powered electrode l
using a high impedance 1:100 attenuation voltage probe
a 0.1 V transfer impedance rf current probe. The ex
method used for the measurement of the power consume
13.56 MHz discharges and its extension to include hig
frequencies were presented elsewhere.8,19 In addition, the
setup used for recording spatially resolved emission inte
ties of SiH (A 2D→X 2P) have been described in deta
elsewhere.20

All the measurements reported here were performed
der dust free conditions, as controlled by a laser light sc
tering technique.21

III. RESULTS AND DISCUSSION

A. Power dissipation

The dependence of the total power and the power
discharge volume consumed in 0.5 Torr, 2% SiH4 in H2 dis-
charges, on the interelectrode distance is presented in
1~a! and 1~b!, respectively. Namely, the power consumed
the discharge has been measured for electrode gaps ra
from 1.3 to 2.5 cm, for 13.56, 30, and 50 MHz discharges.
each frequency, the peak-to-peak voltageVpp was kept con-
JVST A - Vacuum, Surfaces, and Films
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stant, i.e., 300, 140, and 40 V for 13.56, 30, and 50 MH
respectively. This gives almost constant power consump
for an interelectrode distance of 1.5 cm independent of
quency. The drop of the voltage required for operating at
same power level independent of frequency has been
reported in previous studies.8,22,23However as shown in Fig
1, this will also depend strongly on the choice of the ele
trode gap. In the case of 13.56 and 30 MHz the increas
the interelectrode space is followed by a continuous incre
of the total power dissipated in the discharge, whereas a
MHz the increase of the interelectrode space has almos
effect on the total power@Fig. 1~a!#.

On the other hand, the increase of the electrode gap le
to a drop of the power per volume for all frequencies, whi
is much more pronounced for the 50 MHz case@Fig. 1~b!#.
The estimation of the power per volume is based on
calculation of the discharge volume as a cylinder having
bases the electrode surfaces and height the interelectrode
tance. This simple approach is expected to underestimate
discharge volume, since in the case of asymmetrical
charges the reactor walls play an important role in the d
nition of the grounded area.24,25 However, this effect will be
more important as the electrode gap increases and the
tance between the electrodes becomes comparable to the
tance of the electrodes from the reactor walls. Thus, the
derestimation of the discharge volume will not affect t
trend presented in Fig. 1~b!, i.e., the observed drop would b
further enhanced by an increase of the discharge volu
with the electrode gap.

Figure 2 shows the discharge current and the impeda

FIG. 1. Variation~a! of the total power dissipation and~b! of the power per
discharge volume as a function of the electrode gap for 2% SiH4 in H2

discharges and frequencies of 13.56, 30, and 50 MHz.
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70 Amanatides, Mataras, and Rapakoulias: Combined effect of electrode gap and radio frequency 70
phase used for the calculation of the power consumpt
The increase of frequency results to higher current flows
dependent of the interelectrode distance@Fig. 2~a!# due to the
higher plasma density.5,8 It is worth noting that according to
the analytical simulation of Ref. 8 the electron density
creases significantly with frequency (13.56 MHz;4
31028 cm23, 30 MHz;731028 cm23, 50 MHz;3
31029 cm23). In addition, in the case of 13.56 and 30 MH
the increase of the interelectrode space results in an incr
of the discharge current that is responsible for the hig
total power consumption.26 On the contrary, the increase o
the electrode gap has no effect on the current flow at
MHz, explaining the almost constant total power dissipat
at this frequency@Fig. 1~a!#.

Although, the increase of the discharge current can fa
well explain the dependence of the total power on the e
trode gap, it cannot be simply related to the drop of
power per volume, which indicates a less effective pow
coupling in the discharge. In this direction the discharge
pedance and more precisely the discharge character th
presented in Fig. 2~b! in terms of the discharge impedanc
phasewel , can be used as a measure of the power depos
effectiveness.19,27 It is observed that the increase of fr
quency results in less negative values of the impeda
phase, whereas the increase of the interelectrode gap lea
a shift from a more resistive to a more capacitive regi
~i.e., impedance phases from 0° to290°!. The significant
decrease of the impedance phase with increasing frequ
has been addressed in a previous work of this group8 and has
been attributed to the rise of inductive behavior in the bu
as the ratio of excitation frequencyv to the electron–

FIG. 2. ~a! Total discharge current and~b! phase of the discharge impedan
wel as a function of the electrode gap at the conditions of Fig. 1.
J. Vac. Sci. Technol. A, Vol. 20, No. 1, Jan ÕFeb 2002
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molecule momentum transfer collision frequencynm in-
creases.

The reasons leading to the observed shift toward m
capacitive discharges with increasing electrode gap h
must lie in changes in the power dissipated by electrons
ions. This is attempted in Fig. 3~a!, which presents the frac
tion of the ion power to the electron power as a function
the interelectrode space. The estimation of electron/
power is performed by applying the analysis of previo
work of this group8 to the present results. This analysis
based on the assessment of the mass transport of cha
particles in the sheaths and in the bulk, using the electr
parameters of the discharge~current, voltage, impedance! to-
gether with an estimation of the spatial distribution of the g
ionization rate, for the calculation of the main microscop
discharge parameters. The power consumed for ion acce
tion results from the ion flux toward surfaces and the volta
drop in the sheaths. Moreover, the total power dissipated
electrons is calculated using the ohmic part of the discha
impedance, excluding the resistance that is due to ion po
losses.

One can observe that the increase of frequency is ass
ated with a drop of the ion power relative to the electr
power, independent of the electrode gap. This is due to
lower excitation voltage used at higher frequencies lead
to lower voltage drops in the sheaths. On the contrary,
increase of the electrode gap for the 13.56 and 30 MHz
charges is followed by an enhancement of the ion pow
while at 50 MHz the relative power dissipation to ions a
electrons remains almost unaffected.

FIG. 3. ~a! % fraction of ion relative to electron power and~b! variation of
the self-bias potential as a function of the interelectrode gap at the freq
cies of 13.56, 30, and 50 MHz.
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The enhancement of the ion power in the lower frequ
cies is determined by the changes of the rf sheath volta
Namely, the increase of the interelectrode gap results
higher voltage drop in the sheath of the powered electr
due to the change of the self-bias potentialVdc. As shown in
Fig. 3~b!, Vdc is enhanced at higher gaps due to an incre
in the contribution of the chamber walls to the total ground
surface.25,28 More precisely,Vdc increases by;15% as the
interelectrode distance increases from 1.5 to 2.5 cm at 1
MHz, whereas at 30 MHz this increase is much more p
nounced~;40%!.

In contrast to what is observed at lower frequencies, a
MHz the increase of the electrode gap leads to a slight d
in Vdc, indicating that in this frequency the variation of th
interelectrode space cannot modify the discharge con
with the reactor walls. This is a result of the very low
voltage used, which leads to a restriction of the discharg
the area between the two electrodes. Furthermore, the flu
electrons toward the reactor walls is not favored at this
quency because the time required for electrons to esc
plasma~cathodic phase and sheath expansion! is higher than
the field reversal time. Hence, before electrons have the
sibility of escaping from the plasma region, the sheath of
powered electrode starts to collapse~anodic phase and shea
contraction!, again allowing the diffusive flux of electron
toward the powered electrode.5 These two parameters~i.e.,
low excitation voltage and electron trapping in the interel
trode space! determine the almost constant values ofVdc with
increasing electrode gap and consequently the almost
stant fraction of ion to electron power.

Thus, the low fraction of ion relative to electron pow
~,7% at all frequencies!, as well as its increase with th
electrode gap, cannot explain the observed drop of the po
per volume. Therefore, the reasons for this drop have to
related to the influence of interelectrode space on the po
consumed for electron heating.

The basic electron acceleration mechanisms in rf d
charges are stochastic and ohmic heating modes.29 The sto-
chastic heating mode has been studied eit
theoretically29,30 or experimentally10,11 and was found to be
the main electron heating mechanism for values of the pr
uct of the total pressure to the electrode gapPd that are less
than 0.6 Torr cm and this is lower than thePd values used in
this study. In all the other conditions, stochastic heating
be neglected and the main mechanism of electron acce
tion is ohmic heating. This mechanism is strongly related
the interaction of electrons with the rf field and can be d
tinguished in bulk and sheath Joule heating modes.31 This
distinction is necessary because the mechanism is m
more effective in the high field sheath regions compared
the low field bulk, despite the much lower electron density
these regions. In this sense, an estimation of the relative
portance of the bulk to the sheath ohmic heating mechan
would be useful under the present conditions for understa
ing the less effective energy coupling at higher electro
gaps. This can be achieved by applying the relation propo
JVST A - Vacuum, Surfaces, and Films
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by Godyak and Lieberman29 for the calculation of the powe
consumed for electron heating in the bulk:

Pb5E
0

db JTOT
2

2 S menm~x!

e2ne~x! Ddx ~1!

and the formula proposed by Lieberman32 and Misium
et al.33 for the calculation of electron heating in the sheat

Ps5
JTOT

2

2 S menm

e2ns
D @0.43~0.6Vs /Te!

1/211.16

12.4~Te /~0.6Vs!!1/2#s. ~2!

In Eqs.~1! and ~2!, ne(x) andns are the electron density in
the bulk and in the bulk/sheath boundary, respectively,nm

the momentum transfer electron–molecule collision f
quency,JTOT the discharge current density,me , e the mass
and the charge of electron,Vs the sheath voltage, andTe the
electron temperature in the bulk/sheath interface. In addit
db and s are the bulk and the sheath length, respective
Assuming that the value ofnm remains constant either in th
sheaths or in the bulk~nm;83109 Torr21 s21 for 3% SiH4

in H2 discharges and for electron energies above34 1 eV!,
Eqs. ~1! and ~2! can be combined in order to express t
relative importance of the bulk to the sheath ohmic heat
as

Pb

Ps
5

nsdb

@0.43~0.6Vs /Te!
1/211.1612.4~Te /~0.6Vs!!1/2#n̄es

,

~3!

where n̄e is the spatial average electron density in the b
plasma.

Thus, Fig. 4 presents the variation of the ratioPb /Ps as a
function of the electrode gap, using the values obtained fr
the analysis of Ref. 8 and for frequencies of 13.56, 30, a
50 MHz. In the two lower frequencies the increase of t
electrode gap results in an enhancement of the bulk rela
to the sheath electron heating, however sheath ohmic hea
still dominates (Pb /Ps,1) over the entire range of inter

FIG. 4. Effect of the variation of the interelectrode gap on the relative i
portance of the bulk and the sheath electron collisional heating at the
quencies of 13.56, 30, and 50 MHz.
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electrode gaps examined here. The observed increase is
mainly to the increase of the bulk length, whereas the she
length is not affected by the change of the interelectro
distance, as it will be shown in Sec. IIIB. The other rati
(ns /ne andVs /Te! involved in Eq.~3!, remain unaffected by
the variation of the electrode gap. In addition, one can
serve in Fig. 3 that the relative importance of the bulk he
ing increases with frequency. Indeed at 50 MHz the t
mechanisms have almost equal importance independen
the electrode gap.

Therefore, the drop of the power per discharge volu
that has been presented in Fig. 1~b! can be attributed to the
enhancement of the rate of energy transfer to electrons in
bulk compared to the energy transfer in the sheaths. T
the increase of the bulk relative to the sheath lengths can
to an increase of the total power consumption but not
more effective power dissipation. In contrast to the case
the high gaps and/or the high frequencies, in low interel
trode spaces electrons, wherever they are produced in
discharge, will have the chance to interact with the high fi
oscillating sheaths. Electrons that interact with a high fie
attribute the energy gained very fast in high energy inela
collisions with molecules~excitation, dissociation, ioniza
tion!, leading to a more effective rate of energy transfer a
to higher power dissipation per discharge volume.

B. Radicals production and film growth rate

The change of the total power and the total power
volume caused by the variation of the interelectrode gap
der constant voltage operation, are certainly affecting
production of radicals through electron–molecule collisio
The effect of the electrode gap on the high-energy elec
impact processes and also on the discharge structure
been investigated using spatially resolved optical emiss
spectroscopic measurements of the SiH (A 2D) radical. Thus,
Figs. 5~a! and 5~b! show the spatial emission profiles of th
radical at 50 and 30 MHz, respectively, and for electro
gaps ranging from 1.3 to 2.5 cm. The spatial resolution
recording the emission profiles presented here is 0.05
The main difference between the two frequencies is the
sition of the maximum of emission intensity that in th
higher frequency is displaced toward the rf electrode. T
change of the electrode gap for the same frequency does
affect the position of the intensity maximum, indicating
constant sheath length independent of the gap as menti
above. In general the emission intensity is localized clos
the bulk/sheath interface, independent of the electrode ga
the frequency, while at very small electrode gaps the em
sion profiles have an almost triangular shape. This is
mainly to the interaction of the powered and the ground
sheath electron heating mechanisms that finally lead t
maximum rate of production of excited radicals at the cen
of the discharge. The increase of the electrode gapd
.1.7 cm) is followed by a distinction of the two heatin
sources that is reflected in the appearance of the less
nounced emission intensity peak close to the grounded e
trode.
J. Vac. Sci. Technol. A, Vol. 20, No. 1, Jan ÕFeb 2002
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Another difference that can be observed by comparing
spatial profiles at 30 and 50 MHz lies in the different sha
of the emission intensity increase, from the powered el
trode to the maximum of intensity. Thus, at 30 MHz th
increase of the emission intensity from the powered el
trode to the position of the intensity maximum is typical
characteristic of electron heating during the expansion of
powered sheath. During the cathodic phase, electrons
pushed away from the momentary cathode by the str
electric field and can consequently contribute to high-ene
inelastic processes like the one observed here. On the o
hand, at 50 MHz the distribution of emission intensity fro
the powered electrode to the maximum rate of product
increases almost linearly. This is because the sheath con
tion and expansion are much less pronounced at 50 M
than at 30 MHz. Very recently, Yanet al.35 using a particle in
cell/Monte Carlo simulation have investigated the effect
frequency~13.56 and 65 MHz! on the spatiotemporal profile
of electron heating mechanisms for electropositive and e
tronegative gases. According to their results, in the high
quency case the sheath expansion is much less pronou
due to the lower operating voltage, while electron heating
much more localized either in space or in time. In the sa
study, it has been predicted that in the high frequency c
energetic electrons will penetrate shorter distances in
bulk compared to the low frequency case, due to the reta
tion of electrons from a strongly out of phase bulk field. Bo
these predictions can explain the fact that in the 50 M
profiles @Fig. 5~a!# the expansion of the sheath is less pr
nounced and the profiles are narrower and less expan
toward the grounded electrode compared to 30 MHz.

FIG. 5. Spatial distribution of the SiH (A 2D) emission intensity at five
different electrode gaps at:~a! 50 and~b! 30 MHz.



un
z

ra

ga
it
n

ga
ds
th
io
ed
d
a
rv
e
5
n

ia

od
ity
H

ro
a
h
g
u

s,
th

he

he
ses

ing

sed.

ach
the
he

ced
dif-

sur-
us
of
iH
ure.
gh

ns
me
-

ith
ion
is

e

s is
he
on

d the

ity
the

film

gap

73 Amanatides, Mataras, and Rapakoulias: Combined effect of electrode gap and radio frequency 73
Furthermore, Figs. 6~a! and 6~b! show the total and the
spatial average emission intensities, respectively, as a f
tion of the electrode gap for frequencies of 30 and 50 MH
The total emission intensity has been calculated by integ
ing in space the emission profiles presented in Figs. 5~a! and
5~b!. For the 50 MHz case, the increase of the electrode
has an effect on the total and the average emission intens
that is similar to its effect on the total discharge power a
the power per discharge volume as shown in Figs. 1~a! and
1~b!, respectively. Namely, the increase of the electrode
slightly affects the total production of radicals, while it lea
to a drop of the spatial average emission intensity. On
other hand, at 30 MHz the relation between the emiss
intensity and the power consumption is more complicat
The total emission intensity presents a maximum locate
1.5 cm, in contrast to the total power dissipation that h
been found to increase with the electrode gap. This obse
tion gives further support to the rationale presented in S
III A that attributes the increase of the total power at 13.
and 30 MHz to the enhancement of the low energy electro
molecule collisions in the bulk plasma. As for the spat
average emission intensity, the existence of the maximum
1.5 cm is maintained while the increase of the interelectr
space (d.1.5 cm) results in a drop of the average intens
which is similar to an equivalent decrease in the 50 M
case.

Furthermore, the fact that the discharge efficiency in p
ducing radicals varies with the interelectrode space also
fects the film growth rate. This is shown in Fig. 7, whic
presents the deposition rate as a function of the electrode
for 30 and 50 MHz. The measured deposition rates are q

FIG. 6. ~a! Total and~b! space averaged SiH (A 2D) intensity as a function
of the interelectrode gap at the frequencies of 30 and 50 MHz.
JVST A - Vacuum, Surfaces, and Films
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low ~,1 Å/s! under the present experimental condition
leading to the deposition of microcrystalline silicon wi
high crystalline volume fraction.2,36 In the 30 MHz case
there is a maximum in the deposition rate at 1.5 cm. T
deposition rate at the lower gap used in the present study~1.3
cm! is higher for 50 MHz compared to 30 MHz, whereas t
situation is reversed when the interelectrode gap increa
(d.1.7 cm). This observation indicates that when study
the effect of frequency on the deposition rate,9,23,37 one
should always take into account the interelectrode gap u

Understanding the dependence of themc-Si:H deposition
rate on the electrode gap and of the different behavior at e
frequency requires a closer look at the production of
radicals and on their spatial distribution in the discharge. T
film precursors are neutral radicals that after being produ
through silane dissociation can react in the gas phase or
fuse toward surfaces where they can participate in the
face reactions leading partially to the film growth. Previo
work of this group38,39 has revealed that the composition
the flux of precursors depends mainly on the fraction of S4
in the gas mixture as well as on the total gas press
Namely, in discharge conditions leading to relatively hi
deposition rates~high pressure, low dilution of SiH4 in H2!,
higher radicals as silicon dimmers (Si2H4, Si2H5) determine
the film growth. On the other hand, in discharge conditio
that lead to lower growth rates and higher crystalline volu
fractions~high dilution of SiH4 in H2 and low total gas pres
sure!, the secondary gas phase reactions of radicals w
SiH4 are of minor importance. Consequently, the product
of higher species and their contribution to the film growth
minor while silylene (SiH2) and silyl (SiH3) radicals deter-
mine the film growth. In addition, the role of ions and of th
highly reactive ions in the gas phase silicon hydrides~Si,
SiH! can be neglected, as their flux toward the surface
very low.39 Thus in the present experimental conditions, t
discussion concerning the effect of interelectrode space
the deposition rate can be focused on the gas phase an
surface reactivity of the SiH3 and SiH2 radicals.

Silyl (SiH3) radicals have very low gas phase reactiv
and wherever they are produced in the discharge have
chance to reach the surfaces and contribute to the

FIG. 7. Variation of the deposition rate as a function of the interelectrode
for the 30 and 50 MHz discharges. The conditions are 0.5 Torr 2% SiH4 in
H2 and constant rf voltage at each frequency.
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growth. Thus, the flux of this radical to the surface is n
hindered by the increase of the interelectrode space. Fur
more, considering the rather low film incorporation probab
ity of this radical40,41 (s;0.1) one can conclude that th
radical cannot be responsible for the observed variation
the deposition rate with the electrode gap at both frequ
cies.

The case of silylene (SiH2) is more complicated and th
reaction of this radical with H2 is rather slow42 (5
310214cm3/s) while the reaction with SiH4 competes with
diffusion toward the surfaces~SiH2 diffusion length,LSiH2

50.5 cm!. Therefore, the contribution of this radical to th
deposition rate will be strongly affected by the variation
the interelectrode space.13,14 Taking into account that this
radical has a high incorporation probability,43,44 ~0.65–0.8!,
the enhancement of its contribution to the film growth c
lead to the observed variations of the deposition rate with
electrode gap~Fig. 7!.

It is also worth noting that at 30 MHz the optimum of th
deposition rate is achieved when the distance between
maximum rate of radical production and the surface
proaches the diffusion length of SiH2. In the case of the
optimum electrode gap, this distance can be estimated
using the spatial profiles of silane dissociative excitat
@Fig. 5~a!# to 0.8 cm. The use of the emission profiles inste
of the profiles of silane dissociation rate toward neutral ra
cals can produce a limited uncertainty in this calculatio
However, in the present experimental conditions the to
pressure is high enough to minimize the differences in
spatial distributions of these processes.44 The fact that the
distance is higher than the diffusion length of SiH2 and that
lower electrode gaps~1.3 cm! are not always followed by
higher deposition rates indicates that the silane dissocia
rate also plays an important role. The average productio
excited radicals at 30 MHz@Fig. 6~a!# has been found to
present an optimum at an intermediate electrode gap~1.5
cm!. Thus assuming that this is also the case for the prod
tion of neutral radicals, the optimum of the deposition rate
30 MHz is achieved through a better combination of t
distance between the maximum rate of the radical produc
from the surface and the silane dissociation rate.

In the 50 MHz case, the continuous drop of the deposit
rate with the increase of the interelectrode space is due to
displacement of the surface far from the maximum of radi
production. Additionally at this frequency, the rate of t
radical production is not expected to present an optimum
it will be enhanced by a decrease of the electrode gap. Th
estimated to be the reason for the corresponding absen
an optimum of the deposition rate at intermediate electr
gaps. This estimation is partly supported by the depende
of the spatial average excited radical production on the e
trode gap variation@Fig. 6~b!#.

The absence of a maximum at either the deposition rat
the radical production for the specific range of interelectro
spaces is related to the fact that at 50 MHz, even at the lo
electrode gap of 1.3 cm, the discharge is restricted betw
the two electrodes. This is because the sheath length o
J. Vac. Sci. Technol. A, Vol. 20, No. 1, Jan ÕFeb 2002
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powered electrode remains less than the half of the total
charge length. However, a further decrease of the electr
gap ~,1.3 cm! is expected to lead to a behavior similar
that of 30 MHz.

IV. CONCLUSIONS

A study of the effect of electrode gap on the properties
different driving frequency~13.56–50 MHz! SiH4 /H2 dis-
charges has been performed, aiming at the optimal dep
tion rate conditions ofmc-Si:H thin films.

The increase of the electrode gap under constant app
voltage and for low frequencies~13.56 and 30 MHz! leads to
an increase of the total power consumption in the discha
due to an increase of the power dissipation in the expan
bulk. On the other hand, the average rate of energy coup
in the discharge drops, mainly due to the enhancement of
less effective bulk ohmic heating mechanism relative to
sheath collisional heating mode. At a higher frequency,
electrical properties remain unaffected by the variations
the electrode gap and this is related to the lower app
voltage and the less pronounced contact of the discha
with the reactor walls.

In the lower frequency case, the production of excit
radicals presents a rather complex dependence on the v
tion of the electrode gap, presenting an optimum on interm
diate interelectrode distances without following the trend
either the total or the average power dissipation. Dissi
larly, at 50 MHz the effect of electrode gap on the producti
of excited radicals coincides with the influence on pow
dissipation, i.e., the total radical production remains alm
unaffected while the average rate of production drops w
the electrode gap.

In addition, the effect of the interelectrode distance on
deposition rate has been found to be different for the t
frequencies. In the case of 30 MHz an optimum rate exist
rather low electrode gaps, while for 50 MHz the depositi
rate increases with frequency. In both cases, this behavio
related to the conditions ensuring a strong contribution of
highly sticking SiH2 radicals to the film growth and a rathe
high silane dissociation rate.

Finally, the present study has revealed that the basic
vantages that often lead to the use of frequencies higher
13.56 MHz~use of lower applied voltage, higher radical pr
duction, higher deposition rate! also depend strongly on th
choice of the electrode gap.
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