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The combined effect of the variation of the interelectrode gap—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 aitkéu 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. 2@2 American Vacuum
Society. [DOI: 10.1116/1.1421599

[. INTRODUCTION pressure—interelectrode gap prodiat In both studies, a
Capacitive radio-frequencyirf) discharges are widely transition of the EEDF from a.bi—Maxw.eIIian tg Maxwellian
used for the deposition of device quality hydrogenated amor@d to Druyvesteyn type distribution with the increasddf
phous(a-Si:H) and microcrystalline gc-Si:H) silicon thin ~ has been reported, and this transition has been attributed to
films for microelectronic$:®* The main macroscopic dis- the change of the electron heating mechanism from the sto-
charge parameters in the deposition of eitlesi:H or  chastic to the ohmic heating mode. The change of the EEDF

wuc-Si:H are the rf power, the rf frequency, the dischargewith the variation of the basic geometric characteristics of
geometry, the nature of the feed gas or the gas mixture, arithe discharge has also been identified by investigating pri-
the total gas pressure. The variation of these parameters camry electron—molecule collision processes with different
significantly alter the discharge properties by affecting theelectron energy requiremenrisin this study, the increase of
charged particle kinetics, the gas phase chemistry, and thtee interelectrode gap has been found to give a relative en-
plasma—surface interaction. Thus, significant effort is re-hancement of the low energy processes against high energy
quired for determination of the optimum deposition condi-ones. Finally, the effect of the variation of the interelectrode
tions, while in most cases the synergetic effect of the differspace on the deposition rate afSi:H films as well as on
ent combinations of these discharge parameters has to alggeir optoelectronic properties has also been addréés&d.
be considered in order to extract unambiguous results.  Ajthough some of the results presented in these studies are
Among the above-mentioned parameters, an increase @{ntroversial, in all these cases interelectrode gap has been
the plasma excitation frequency from 13.56 MHz to veryidentified as an effective external control parameter for opti-
high frequency has been found to have a beneficial effect Opyization of the deposition rate, suppression of particle for-
the film deposition rafewithout significantly affecting the  maiion, and improvement of the film properties. However, all
film properties This has led to a number of theoretical and ypese studies were carried out at the conventional frequency

experimental studies dealing with the effects of frequency ON 13.56 MHz and deal only with the deposition afSi:H
the plasma structurethe ion and electron kinetiéshe elec- thin fi.lms '

tr.on. energy distribution f_uncUon(E_EDF), the - power The work presented here aims at studying the effect of
dissipatiorf and the production of radicals through electron—. " N
interelectrode gap on the deposition processuaf Si:H

molecule collisions. i . L .
" . from highly diluted SiH in H, discharges operated at fre-
In addition, the changes of the discharge geometry resultquencies higher than 13.56 MHz. The basic purpose of the

ing from the modification of the interelectrode gap have also ) . L
been the subject of many studies dealing with pIasméNork was to determine the interelectrode gap that optimizes

physicsi®! gas phase chemist;3 film growth rate, and the d_e_position rate gfc-Si:H fqr a specific set of discharge
properties~18 More precisely, Godyalet al° and Kimura conditions at each frequency in the range from 13.56 to 50

etal’* have reported the EEDF dependence on the gaMHZ.- In this sense, special attgntion hgs peen given in re-
vealing perturbations in the microscopic discharge param-

aAuthor to whom correspondence should be addressed; electronic maift€rs that could affect the. dgpositign rate. _More precisely, the
dim@chemeng.upatras.gr alteration of the power dissipated in the discharge due to the
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modification of the interelectrode distance was accurately 6sd

measuretf and an effort was made to relate these changes to 1

the relative importance of the bulk/sheath ohmic and sto- A6'°'_

chastic electron heating mechanisms. The changes in the g 554

relative importance of these mechanisms were additionally g 5.0

associated with the production of radicals through spatially § 45

resolved optical emission spectroscopic measurements. The S

alteration of the power actually consumed in the discharge 4.0

and the production of radicals were finally correlated to the 3.5

film growth rate and discussed in terms of the role of differ- @ ] R S SN R

ent film precursors. ——————
—O— 13.56 MHz 300 Volt
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—O— 30 MHz 140 Volt
—A— 50 MHz 40 Volt

[I. EXPERIMENT

Film deposition studies have been performed in a capaci-
tively coupled ultrahigh vacuurfliUHV) parallel plate reac-
tor, with a base vacuum of I8mbar. The reactor is

w
wn
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Power (mWatt/cm3)
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i

equipped with a load lock system for transportation of the 259

substrates and with four quartz windows suitable for spectro- 20_'

scopic observations. The groundeltposition electrodg(90 1

mm in diameter is mounted on an UHV linear motion L1 P —
feedthrough, allowing variation of the interelectrode space. 12 14 16 18 20 22 24 26
In the present study the distance between the two electrodes ®) Electrode gap (cm)

ha_is b_een varied b?tween 1.3and 2.5 (_:m' In a” cases the 2%&. 1. Variation(a) of the total power dissipation ari@) of the power per
SiH, in H, gas mixture has been delivered in the reactorgischarge volume as a function of the electrode gap for 2%, $itH,
through a showerhead array of holes in the powered eledfischarges and frequencies of 13.56, 30, and 50 MHz.

trode, at a total pressure of 0.5 Torr. Pressure and flow rate

are independently adjusted by a downstream throttle valve

controller and an upstream mass flow controller, respectivelystant, j.e., 300, 140, and 40 V for 13.56, 30, and 50 MHz,
The films were deposited on Corning 7059 glass substrategespectively. This gives almost constant power consumption
heated at a temperature of 250 °C. The deposition rate Wagr an interelectrode distance of 1.5 cm independent of fre-
measuredn situ using laser reflectance interferometry. quency. The drop of the voltage required for operating at the
The power actually consumed in the discharge and thgame power level independent of frequency has been also
discharge impedance was determined by using Fourier trangeported in previous studié$??*However as shown in Fig.
form voltage and current analysis. The voltage and currenf = this will also depend strongly on the choice of the elec-
wave forms were measured on the powered electrode leagoge gap. In the case of 13.56 and 30 MHz the increase of
using a high impedance 1:100 attenuation voltage probe ange interelectrode space is followed by a continuous increase
a 0.1 Q transfer impedance rf current probe. The exaclyf the total power dissipated in the discharge, whereas at 50
method used for the measurement of the power consumed AHz the increase of the interelectrode space has almost no
13.56 MHz discharges and its extension to include highegffect on the total powsdiFig. 1(a)].
frequencies were presented elsewHereln addition, the On the other hand, the increase of the electrode gap leads
setup used for recording spatially resolved emission intensigy 5 drop of the power per volume for all frequencies, which
ties of SiH (A?2A—X?II) have been described in detail is much more pronounced for the 50 MHz cd&ég. 1(b)].
elsewheré? The estimation of the power per volume is based on the
All the measurements reported here were performed Unga|culation of the discharge volume as a cylinder having as
der dust free conditions, as controlled by a laser light scathases the electrode surfaces and height the interelectrode dis-

tering techniqué tance. This simple approach is expected to underestimate the
discharge volume, since in the case of asymmetrical dis-
[Il. RESULTS AND DISCUSSION charges the reactor walls play an important role in the defi-

nition of the grounded ared:2° However, this effect will be
more important as the electrode gap increases and the dis-
The dependence of the total power and the power petance between the electrodes becomes comparable to the dis-
discharge volume consumed in 0.5 Torr, 2% SiRlH, dis-  tance of the electrodes from the reactor walls. Thus, the un-
charges, on the interelectrode distance is presented in Figderestimation of the discharge volume will not affect the
1(a) and Xb), respectively. Namely, the power consumed intrend presented in Fig.(h), i.e., the observed drop would be
the discharge has been measured for electrode gaps rangifugther enhanced by an increase of the discharge volume
from 1.3 to 2.5 cm, for 13.56, 30, and 50 MHz discharges. Atwith the electrode gap.
each frequency, the peak-to-peak voltagg was kept con- Figure 2 shows the discharge current and the impedance

A. Power dissipation
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Fic. 2. (a) Total discharge current ar{t) phase of the discharge impedance Fic. 3. (a) % fraction of ion relative to electron power ario) variation of
¢q as a function of the electrode gap at the conditions of Fig. 1. the self-bias potential as a function of the interelectrode gap at the frequen-
cies of 13.56, 30, and 50 MHz.

phase used for the calculation of the power consumption.
The increase of frequency results to higher current flows inmolecule momentum transfer collision frequeney, in-
dependent of the interelectrode distafiey. 2(a)] due to the  creases.
higher plasma densiff It is worth noting that according to The reasons leading to the observed shift toward more
the analytical simulation of Ref. 8 the electron density in-capacitive discharges with increasing electrode gap have
creases significantly with frequency (13.56 MH4  must lie in changes in the power dissipated by electrons and
x108cm 3,  30MHz~7x10 8cm 3, 50MHz~3 ions. This is attempted in Fig.(&, which presents the frac-
x 102 cm™3). In addition, in the case of 13.56 and 30 MHz, tion of the ion power to the electron power as a function of
the increase of the interelectrode space results in an increatiee interelectrode space. The estimation of electron/ion
of the discharge current that is responsible for the highepower is performed by applying the analysis of previous
total power consumptioff. On the contrary, the increase of work of this grouf to the present results. This analysis is
the electrode gap has no effect on the current flow at 5®@ased on the assessment of the mass transport of charged
MHz, explaining the almost constant total power dissipationparticles in the sheaths and in the bulk, using the electrical
at this frequencyFig. 1(a)]. parameters of the dischar@eurrent, voltage, impedankcto-
Although, the increase of the discharge current can fairlygether with an estimation of the spatial distribution of the gas
well explain the dependence of the total power on the elecionization rate, for the calculation of the main microscopic
trode gap, it cannot be simply related to the drop of thedischarge parameters. The power consumed for ion accelera-
power per volume, which indicates a less effective powetion results from the ion flux toward surfaces and the voltage
coupling in the discharge. In this direction the discharge im-drop in the sheaths. Moreover, the total power dissipated by
pedance and more precisely the discharge character that édectrons is calculated using the ohmic part of the discharge
presented in Fig. ®) in terms of the discharge impedance impedance, excluding the resistance that is due to ion power
phasep,, can be used as a measure of the power depositiolosses.
effectiveness®?’ It is observed that the increase of fre- One can observe that the increase of frequency is associ-
guency results in less negative values of the impedancated with a drop of the ion power relative to the electron
phase, whereas the increase of the interelectrode gap leadsgower, independent of the electrode gap. This is due to the
a shift from a more resistive to a more capacitive regimdower excitation voltage used at higher frequencies leading
(i.e., impedance phases from 0° t€90°). The significant to lower voltage drops in the sheaths. On the contrary, the
decrease of the impedance phase with increasing frequenaycrease of the electrode gap for the 13.56 and 30 MHz dis-
has been addressed in a previous work of this dtamd has  charges is followed by an enhancement of the ion power,
been attributed to the rise of inductive behavior in the bulk,while at 50 MHz the relative power dissipation to ions and
as the ratio of excitation frequency to the electron— electrons remains almost unaffected.
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The enhancement of the ion power in the lower frequen- L AL |
cies is determined by the changes of the rf sheath voltage. A/Ar——"" -
Namely, the increase of the interelectrode gap results in a
higher voltage drop in the sheath of the powered electrode
due to the change of the self-bias potentigl. As shown in
Fig. 3(b), V4 is enhanced at higher gaps due to an increase
in the contribution of the chamber walls to the total grounded
surface?>?8 More precisely,V,. increases by~15% as the
interelectrode distance increases from 1.5 to 2.5 cm at 13.56 —0O— 13.56 MHz 300 Volt
MHz, whereas at 30 MHz this increase is much more pro- —O— 30 MHz 140 Volt
nounced(~40%). 0.01+ —A— 50 MHz 40 Volt

In cont.rast to what is observed at lower frequenci_es, at 50 12 14 16 18 20 22 24 26
MHz the increase of the electrode gap leads to a slight drop lectrod
in Vg4, indicating that in this frequency the variation of the electrode gap (cm)
interelectrode space cannot modify the discharge contagis. 4. Effect of the variation of the interelectrode gap on the relative im-
with the reactor walls. This is a result of the very low rf portance of the bulk and the sheath electron collisional heating at the fre-
voltage used, which leads to a restriction of the discharge ijuencies of 13.56, 30, and 50 MHz.
the area between the two electrodes. Furthermore, the flux of
electrons toward the reactor walls is not favored at this fre-
quency because the time required for electrons to escapi®y Godyak and Liebermahfor the calculation of the power
plasma(cathodic phase and sheath expansisrhigher than  consumed for electron heating in the bulk:
the field reversal time. Hence, before electrons have the pos- 2

- . . dp J

sibility of escaping from the plasma region, the sheath of the p — f ot 1)
powered electrode starts to collagaaodic phase and sheath o 2
contraction, again allowing the diffusive flux of electrons ang the formula proposed by Liebermfarand Misium

toward the powered electrodeThese two parametei&e., et al3 for the calculation of electron heating in the sheaths:
low excitation voltage and electron trapping in the interelec-
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=

MeVm(X)
e”Nne(X)

; ; J2 megv
Frode spac)edetermlne the almost constant valued/gf with P = TOT( e m) [0.430.6V,/T,)Y2+1.16
increasing electrode gap and consequently the almost con- 2 ezns
stant fraction of ion to electron power. +2.4T./(0.6V()Y?]s. 2

Thus, the low fraction of ion relative to electron power
(<7% at all frequencies as well as its increase with the In Egs.(1) and(2), ng(x) andns are the electron density in
electrode gap, cannot explain the observed drop of the powéhe bulk and in the bulk/sheath boundary, respectively,
per volume. Therefore, the reasons for this drop have to b momentum transfer electron—molecule collision fre-

related to the influence of interelectrode space on the powefUency,Jror the discharge current densityl, e the mass
consumed for electron heating. and the charge of electrol the sheath voltage, arid, the

electron temperature in the bulk/sheath interface. In addition,
dy, and s are the bulk and the sheath length, respectively.
p\ssuming that the value af,,, remains constant either in the

The basic electron acceleration mechanisms in rf dis
charges are stochastic and ohmic heating métése sto-

chastic heating mode has been studied eithe : ol )
theoretically®*° or experimentall}’!* and was found to be sheaths or in the bulkyy,~8x 10° Torr 15_ * for 3% Sit,
in H, discharges and for electron energies aibveeV),

the main electron heating mechanism for values of the prod-

uct of the total pressure to the electrode ¢apthat are less Eqs..(l) .and (2) can be combined in order to EXpress the
C .~ relative importance of the bulk to the sheath ohmic heating
than 0.6 Torr cm and this is lower than tRe values used in

this study. In all the other conditions, stochastic heating can

be neglected and the main mechanism of electron accelerﬁi_ Nsdp
tion is ohmic heating. This mechanism is strongly related toP,  [0.430.6V¢/To) %+ 1.16+ 2.4 T,/(0.6Vs))Y?]n.s’
the interaction of electrons with the rf field and can be dis- ()]

tinguished in bulk and sheath Joule heating m_&éie‘é!nis wheren, is the spatial average electron density in the bulk
distinction is necessary because the mechanism is muGhasma.

more effective in the high field sheath regions compared to Thus, Fig. 4 presents the variation of the raig/ P, as a

the low field bulk, despite the much lower electron density infunction of the electrode gap, using the values obtained from
these regions. In this sense, an estimation of the relative imhe analysis of Ref. 8 and for frequencies of 13.56, 30, and
portance of the bulk to the sheath ohmic heating mechanisrB0 MHz. In the two lower frequencies the increase of the
would be useful under the present conditions for understancelectrode gap results in an enhancement of the bulk relative
ing the less effective energy coupling at higher electrodeo the sheath electron heating, however sheath ohmic heating
gaps. This can be achieved by applying the relation proposestill dominates P,/Ps<1) over the entire range of inter-
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electrode gaps examined here. The observed increase is due PR 770 LI L B AL B LA

mainly to the increase of the bulk length, whereas the sheath : 12

length is not affected by the change of the interelectrode ;10-.

distance, as it will be shown in Sec. IlIB. The other ratios z

(ns/ng andV,/T,) involved in Eq.(3), remain unaffected by 5 081

the variation of the electrode gap. In addition, one can ob- E 0-6j

serve in Fig. 3 that the relative importance of the bulk heat- 2 04+

ing increases with frequency. Indeed at 50 MHz the two 8 02

mechanisms have almost equal importance independent of M 6.0

the electrode gap. 1 . \ 1 . .
Therefore, the drop of the power per discharge volume @

that has been presented in Figbjlcan be attributed to the {’ ' ' ' ! '

enhancement of the rate of energy transfer to electrons in the ’;‘ 141

bulk compared to the energy transfer in the sheaths. Thus, & 121

the increase of the bulk relative to the sheath lengths can lead g‘ 1.0

to an increase of the total power consumption but not to § 0.3

more effective power dissipation. In contrast to the case of g 06

the high gaps and/or the high frequencies, in low interelec- g 0.4

trode spaces electrons, wherever they are produced in the % 02

discharge, will have the chance to interact with the high field <

oscillating sheaths. Electrons that interact with a high field, 0.0 R,

attribute the energy gained very fast in high energy inelastic 060 05 10 15 20 25

collisions with molecules(excitation, dissociation, ioniza- o) Distance from RF electrode (cm)

tion), leading to a more effective rate of energy transfer and o s L ) )

to higher power dissipation per discharge volume. (I??f 5. Spatial distribution of the SIHA“A) emission intensity at five

ifferent electrode gaps ata) 50 and(b) 30 MHz.

B. Radicals production and film growth rate Another difference that can be observed by comparing the

The change of the total power and the total power peispatial profiles at 30 and 50 MHz lies in the different shape
volume caused by the variation of the interelectrode gap unef the emission intensity increase, from the powered elec-
der constant voltage operation, are certainly affecting thérode to the maximum of intensity. Thus, at 30 MHz the
production of radicals through electron—molecule collisionsincrease of the emission intensity from the powered elec-
The effect of the electrode gap on the high-energy electrotrode to the position of the intensity maximum is typically
impact processes and also on the discharge structure hebkaracteristic of electron heating during the expansion of the
been investigated using spatially resolved optical emissiopowered sheath. During the cathodic phase, electrons are
spectroscopic measurements of the S&FA) radical. Thus, pushed away from the momentary cathode by the strong
Figs. 5a) and 8b) show the spatial emission profiles of this electric field and can consequently contribute to high-energy
radical at 50 and 30 MHz, respectively, and for electrodeinelastic processes like the one observed here. On the other
gaps ranging from 1.3 to 2.5 cm. The spatial resolution forhand, at 50 MHz the distribution of emission intensity from
recording the emission profiles presented here is 0.05 cnthe powered electrode to the maximum rate of production
The main difference between the two frequencies is the poncreases almost linearly. This is because the sheath contrac-
sition of the maximum of emission intensity that in the tion and expansion are much less pronounced at 50 MHz
higher frequency is displaced toward the rf electrode. Thehan at 30 MHz. Very recently, Yagt al° using a particle in
change of the electrode gap for the same frequency does notll/Monte Carlo simulation have investigated the effect of
affect the position of the intensity maximum, indicating a frequency(13.56 and 65 MHyon the spatiotemporal profiles
constant sheath length independent of the gap as mentioned electron heating mechanisms for electropositive and elec-
above. In general the emission intensity is localized close téronegative gases. According to their results, in the high fre-
the bulk/sheath interface, independent of the electrode gap guency case the sheath expansion is much less pronounced
the frequency, while at very small electrode gaps the emisdue to the lower operating voltage, while electron heating is
sion profiles have an almost triangular shape. This is duenuch more localized either in space or in time. In the same
mainly to the interaction of the powered and the groundedstudy, it has been predicted that in the high frequency case,
sheath electron heating mechanisms that finally lead to anergetic electrons will penetrate shorter distances in the
maximum rate of production of excited radicals at the centebulk compared to the low frequency case, due to the retarda-
of the discharge. The increase of the electrode gdp (tion of electrons from a strongly out of phase bulk field. Both
>1.7cm) is followed by a distinction of the two heating these predictions can explain the fact that in the 50 MHz
sources that is reflected in the appearance of the less prprofiles [Fig. 5a)] the expansion of the sheath is less pro-
nounced emission intensity peak close to the grounded elecvounced and the profiles are narrower and less expanded
trode. toward the grounded electrode compared to 30 MHz.
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low (<1 A/s) under the present experimental conditions,
leading to the deposition of microcrystalline silicon with
high crystalline volume fractiofi®® In the 30 MHz case
2 14 16 18 20 22 24 26 there is @ maximum in the deposmqn rate at 1.5 cm. The
®) electrode gap (cm) dep93|t|_on rate at the lower gap used in the present gtLi8y
cm) is higher for 50 MHz compared to 30 MHz, whereas the
Fic. 6. () Total and(b) space averaged SiHAA) intensity as a function ~ situation is reversed when the interelectrode gap increases
of the interelectrode gap at the frequencies of 30 and 50 MHz. (d>1.7 cm). This observation indicates that when studying
the effect of frequency on the deposition r&t&;?’ one
should always take into account the interelectrode gap used.
Furthermore, Figs. @ and &b) show the total and the Understanding the dependence of jbe-Si:H deposition
spatial average emission intensities, respectively, as a funcate on the electrode gap and of the different behavior at each
tion of the electrode gap for frequencies of 30 and 50 MHzfrequency requires a closer look at the production of the
The total emission intensity has been calculated by integratadicals and on their spatial distribution in the discharge. The
ing in space the emission profiles presented in Fig®.&nd  film precursors are neutral radicals that after being produced
5(b). For the 50 MHz case, the increase of the electrode gathrough silane dissociation can react in the gas phase or dif-
has an effect on the total and the average emission intensitiégse toward surfaces where they can participate in the sur-
that is similar to its effect on the total discharge power andface reactions leading partially to the film growth. Previous
the power per discharge volume as shown in Figa) and  work of this groupg®?° has revealed that the composition of
1(b), respectively. Namely, the increase of the electrode gaghe flux of precursors depends mainly on the fraction of,SiH
slightly affects the total production of radicals, while it leadsin the gas mixture as well as on the total gas pressure.
to a drop of the spatial average emission intensity. On th&lamely, in discharge conditions leading to relatively high
other hand, at 30 MHz the relation between the emissiomeposition rateshigh pressure, low dilution of SiHin H,),
intensity and the power consumption is more complicatedhigher radicals as silicon dimmers §8j,, SbHs) determine
The total emission intensity presents a maximum located ahe film growth. On the other hand, in discharge conditions
1.5 cm, in contrast to the total power dissipation that haghat lead to lower growth rates and higher crystalline volume
been found to increase with the electrode gap. This observdractions(high dilution of SiH, in H, and low total gas pres-
tion gives further support to the rationale presented in Secsure, the secondary gas phase reactions of radicals with
[l A that attributes the increase of the total power at 13.56SiH, are of minor importance. Consequently, the production
and 30 MHz to the enhancement of the low energy electron-ef higher species and their contribution to the film growth is
molecule collisions in the bulk plasma. As for the spatialminor while silylene (SiH) and silyl (SiH;) radicals deter-
average emission intensity, the existence of the maximum ahine the film growth. In addition, the role of ions and of the
1.5 cm is maintained while the increase of the interelectroddighly reactive ions in the gas phase silicon hydridgs
space (>1.5cm) results in a drop of the average intensity,SiH) can be neglected, as their flux toward the surfaces is
which is similar to an equivalent decrease in the 50 MHzvery low2° Thus in the present experimental conditions, the
case. discussion concerning the effect of interelectrode space on
Furthermore, the fact that the discharge efficiency in prothe deposition rate can be focused on the gas phase and the
ducing radicals varies with the interelectrode space also akurface reactivity of the SiHand SiH radicals.
fects the film growth rate. This is shown in Fig. 7, which  Silyl (SiH;) radicals have very low gas phase reactivity
presents the deposition rate as a function of the electrode gamd wherever they are produced in the discharge have the
for 30 and 50 MHz. The measured deposition rates are quitehance to reach the surfaces and contribute to the film

1
0.9 4
0.8 4
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growth. Thus, the flux of this radical to the surface is notpowered electrode remains less than the half of the total dis-
hindered by the increase of the interelectrode space. Furthetharge length. However, a further decrease of the electrode
more, considering the rather low film incorporation probabil-gap (<1.3 cm) is expected to lead to a behavior similar to
ity of this radicaf®** (s~0.1) one can conclude that this that of 30 MHz.
radical cannot be responsible for the observed variation of
the deposition rate with the electrode gap at both frequenp/, CONCLUSIONS
cies.

The case of silylene (Sijjl is more complicated and the
reaction of this radical with bl is rather slof? (5
x 10" ¥cm?/s) while the reaction with Sificompetes with tion rate conditions ofuc-Si:H thin films.

diffusion toward the surfacetSiH, diffusion length, Ay, The increase of the electrode gap under constant applied
=0.5cm. Therefore, the contribution of this radical to the voltage and for low frequencig&3.56 and 30 MHgleads to
deposition rate will be strongly affected by the variation of 3 jncrease of the total power consumption in the discharge
the interelectrode spacd Taking into account that this gye to an increase of the power dissipation in the expanded
radical has a high incorporation probabilfd/}* (0.65-0.8,  pulk. On the other hand, the average rate of energy coupling
the enhancement of its contribution to the film growth canin the discharge drops, main|y due to the enhancement of the
lead to the observed variations of the deposition rate with th@ess effective bulk ohmic heating mechanism relative to the
electrode gagFig. 7). sheath collisional heating mode. At a higher frequency, the

It is also worth noting that at 30 MHz the optimum of the electrical properties remain unaffected by the variations of
deposition rate is achieved when the distance between th@e electrode gap and this is related to the lower applied
maximum rate of radical production and the surface apvoltage and the less pronounced contact of the discharge
proaches the diffusion length of SjHIn the case of the with the reactor walls.
optimum electrode gap, this distance can be estimated by In the lower frequency case, the production of excited
using the spatial profiles of silane dissociative excitationradicals presents a rather complex dependence on the varia-
[Fig. 5(@] to 0.8 cm. The use of the emission profiles insteadion of the electrode gap, presenting an optimum on interme-
of the profiles of silane dissociation rate toward neutral radi-diate interelectrode distances without following the trend of
cals can produce a limited uncertainty in this calculation.either the total or the average power dissipation. Dissimi-
However, in the present experimental conditions the totalarly, at 50 MHz the effect of electrode gap on the production
pressure is high enough to minimize the differences in thef excited radicals coincides with the influence on power
spatial distributions of these procesé&éghe fact that the dissipation, i.e., the total radical production remains almost
distance is higher than the diffusion length of Si&hd that unaffected while the average rate of production drops with
lower electrode gap$l.3 cm are not always followed by the electrode gap.
higher deposition rates indicates that the silane dissociation In addition, the effect of the interelectrode distance on the
rate also plays an important role. The average production gleposition rate has been found to be different for the two
excited radicals at 30 MHfFig. 6(@)] has been found to frequencies. In the case of 30 MHz an optimum rate exists at
present an optimum at an intermediate electrode @ap rather low electrode gaps, while for 50 MHz the deposition
cm). Thus assuming that this is also the case for the produdate increases with frequency. In both cases, this behavior is
tion of neutral radicals, the optimum of the deposition rate af€lated to the conditions ensuring a strong contribution of the
30 MHz is achieved through a better combination of thehighly sticking Sit radicals to the film growth and a rather
distance between the maximum rate of the radical productiofiigh silane dissociation rate.
from the surface and the silane dissociation rate. Finally, the present study has revealed that the basic ad-

In the 50 MHz case, the continuous drop of the depositioryantages that often lead to the use of frequencies higher than
rate with the increase of the interelectrode space is due to th3-56 MHz(use of lower applied voltage, higher radical pro-
displacement of the surface far from the maximum of radicaduction, higher deposition ratalso depend strongly on the
production. Additionally at this frequency, the rate of the choice of the electrode gap.
radical production is not expected to present an optimum but
it will be enhanced by a decrease of the electrode gap. This is'G: Bruno, P. Capezzuto, and A. Madtiasma Deposition of Amorphous
eStima,ted to be the reaso_n, for the correspond!ng absence Rl.lIg(():?]_rig;e:n’c\!ﬂi;ﬁnzagﬁ;;?neonrqéch’oiZnar?éelgﬂ?érgcAr;/sl;%isne Silicon So-
an optimum of the deposition rate at intermediate electrode |4 cells (Kluwer Academic, Dordrecht, 1998
gaps. This estimation is partly supported by the dependenceH. Curtins, N. Wyrsch, M. Favre, and A. V. Shah, Plasma Chem. Plasma
of the spatial average excited radical production on the elec-,Process7, 267 (1987.
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