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Abstract. The influence of dilution of silane with Ar, He and H, on the mechanism
of radical generation in radio frequency discharges used for the deposition of
a-Si:H has been examined. The density of SiH radicals in the discharge volume
and near the deposition surface was examined by laser-induced fluorescence. The
observed phenomena were attributed to the enhancement of the contribution of
sheath-related electrons under certain dilution conditions. This explanation was
confirmed by numerical simulation using Monte Carlo and probabilistic models that
permitted the calculation of the total collision cross section of silane.

1. Introduction of precursors and the possible effects of ion bombardment.

_ . - In fact, ion bombardment studies have revealed spectacular
It is well known that the process of a-Si:H deposition increases in ion energy and current with dilution [5].
by plasma-enhanced CVD is not completely described by This group has studied in the past the influence of
the current scientific knowledge concerning several aspectsgjjution on the radical generation mechanisms [6,7] by
qf the plasma—electnc field and 'plasma'—surface interac- using spatially resolved laser-induced fluorescence (LIF)
thn mechgnlsms. . The com.ple.x interaction between the and emission spectroscopy simultaneously [8]. These
microscopic quantities therein involved and the process studies have shown that, besides the general enhancement
parameters or the film properties is a subject of continu- . . - -

: - . . of the radical generation rate caused by the increase in the

ous studies aiming at a better controllability of film proper- electron tempgrature there are also Io)(l:al phenomena near

ties like microstructure, hydrogen content and, ultimately, 5 o
improved and stable optoelectronic characteristics. Low- the electrodes that are influenced by the dilution percentage

power, low-pressure conditions are widely used in order to @nd the nature of the buffer gas. These phenomena gain
obtain low-defect-density films. However, those films are More importance, given that most of the energy gained
highly stressed and are deposited at very low depositionby electrons in these plasmas comes from the interaction
rates. Other alternatives have been considered in order toof electrons with the oscillating sheath [9]. Moreover,
address this problem. Among other methods, depositionan increase in radical generation near the deposition
from silane diluted with helium or under slight ion bom- surface enriches the film precursor flux with high-sticking-
bardment, which can be obtained under certain dilution con- coefficient radicals, like SiH and SiHand consequently
ditions [1], has given some encouraging results. Dilution affects the film growth mechanism [10]. Therefore, the
of silane with other gases modifies drastically all the as- origins of these local phenomena as well as the general
pects of plasma-field and plasma—surface interaction. Thisinfluence of dilution continue to be of interest not only for
is because of the different ionization potential, collision e evaluation of the influence of plasma-phase chemistry
cross sections, ion energy and ion current of the dilution o the 5-Sj:H deposition process but also for the elucidation

gas compareq tq silane. Early studies were fgcused on theof the electron-heating mechanisms under these conditions.
influence of dilution on the enhancement of silane decom-

position, the deposition rate and the properties of the films For this purpose additional experiments, involving the
Thus, Knightset al [2] reported an enhancement of the recording of the ground state SiH radical concentration by

deposition rate, but also a deterioration of the film quality. LIF, were performed._ Mgreover, a Monte Carlo s_|mulat|on
On the other hand, Vaniet al [3] observed an exponential and a.S|mpIer propablllstlc model were proposed in qrder to
decrease in the dissociation frequency of silane with silane €XPlain the experimental observations. In the following we
fraction. Silane dilution has been used also for the growth Will present the results obtained from LIF measurements of
of microcrystalline silicon thin films [4]. Thus, it was clear the concentration of ground state SiH radicals at certain
by then that silane dilution affects all the aspects of the Positions of the discharge space, as a function of the
process, by modifying silane decomposition, mass transferdilution percentage, the total pressure and the nature of the
to the deposition surface and consequently film growth, be- buffer gas, together with the results of Monte Carlo and
cause of the modification of the composition of the flux probabilistic simulations.
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Figure 1. A schematic representation of the experimental Pressure (mTorr)
dimensions. The dotted line represents the time-averaged
plasma—sheath boundary. Figure 2. The LIF intensity (arbitrary units) as a function of

pressure in a pure silane discharge. Ina is at 10 mm from
the RF electrode. The line drawn is the result of a
first-order exponential decay fitting function.

2. Experimental

The experimental apparatus, described in detail else-
where [11], consists of a cylindrical stainless steel chamber
equipped with four quartz windows for optical diagnos-

tics. The collimated 2 mm beam of the tunable dye laser
traverses the chamber in parallel to the two electrodes, ex-
actly along the symmetry axis. Two positions of the laser
beam were chosenl,, 3 mm from the earthed electrode

surface, andl,,,, 10 mm from the RF electrode surface,

as shown in figure 1. The first one is the closest position
to the deposition surface that can be achieved by our ex-
perimental system, whereas the second position gave the3. Results and discussion

maximum LIF intensity under a wide variety of conditions
in this chamber [6]. The LIF intensity is proportional to the concentration of

The fluorescence light, from thé = 2.5 transition SiH in the sampled discharge volume, bearing in mind that
of the R, branch of the AA-X2IT band of SiH at the plasma can be considered optically thin and that non-
around 412 nm, is collected at right angles, by collimating radiative de-excitation is not observed under these pressure
and focusing lenses to a PMT equipped with a suitable conditions. This is a result of the mass balance between
interference filter. LIF signals are recorded on a Lecroy 9generation through electron impact dissociation of silane,
9400 digital storage oscilloscope, by integrating in time reaction of SiH with silane and diffusion of SiH molecules
the average of a large number of fluorescence waveforms.in the discharge gas according, for one dimension, to the
The recorded LIF intensity is directly proportional to the €quation
concentration of ground state SiH radicals in the sampled 9 Nre 2N
area. More details on the experimental procedure followed “"'ISiA1 _ kaNie-1Nisirg — ke Nisiag Nisimg + D [SZzH]
for recording LIF signals are given in [6]. During these ot ax )

experiments, neither the electrodes nor the chamber WEre, here N refers to the number density of the speciesis
heated since this would modify the molecular density o gjjane dissociation constart, the SiH-SiH reaction

for a given pressure. Gas flow rates and pressure WET€:onstant and the SiH diffusion coefficient in the specific

independently controlled by means of mass flow ratio discharge gask, is a function of electron energy which

corgjtrollers and ﬁ calpacnanlce manorneter tI(:)gethﬁr ;‘"thvaries in space, as well as with power and pressure. Thus,
a downstream throttling valve controller. For all the . . giy production frequency is

experiments, the parallel stainless steel electrodes (6 cm

in diameter) of equal area had an ir_lterelectrode distance kqNie-) = o0.Nj, (2)

of 2.5 cm, the powered electrode being surrounded by an

earthed shield. Mild plasma conditions were maintained where o is the cross section of SiHelectron collisional

by keeping the total power, as measured by a low-power dissociation towards SiH, the mean electron velocity and
SWR bridge, at 6 W. Except for one case, in which N?_ the efficient electron density (the density of electrons
the pressure was varied by adding dilution gas while having enough energy to dissociate silarnig)is a function
maintaining a constant silane flow, the flow rate was of the gas temperature. Nomued al [13] have claimed
kept constant at 20 sccm, for variation of composition or that the dominant reaction channel is a three-body process

variation of pressure experiments. In the case of constant
pressure measurements the total pressure was 65 mTorr.
All measurements were performed under particle-free
conditions, as guaranteed by the absence of any additional
laser scattering during the discharge operation [12], while
at the same time spatially resolved emission profiles were
used for determining the approximate time-averaged sheath
thicknesses.
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requiring a collisional stabilization by a third body and thus

it is also a function of pressure: 70
. n SiH4 - He
SiH + SiH; < SisH5* — SibHs. 60 - ® SiH -Ar
4
On the other hand, both electron impact dissociation
50 I=0.555 P

and SiH insertion constants can be influenced by
thermalization of silane through low-energy electron %
impact [14]. Therefore the intensity measured is expected —~= 40-
to be influenced by those macroscopic parameters that can
influence at least one of the above-described processes.

1=0.635 P

Pressure and dilution can influence all of these 07
processes either directly, by modifying the mean free path ] 10 scem SiH, + x scem He or Ar
or the diffusion coefficient of the species, or indirectly, by 20— T T
modifying microscopic plasma quantities like the electron 3 40 50 60 70 80 90 100
density or temperature which in turn can modify the Total Pressure (mTorr)

p.roductl.on rate. of the SpeCI.ES. .T.hus’ in the Cf"se of pure Figure 3. The LIF intensity (arbitrary units) as a function of
silane, if one ignores for simplicity the diffusive terms ;o5 pressure in silane—helium and silane—argon

since the regime is dominated by the fast SiH insertion discharges. /s is at 10 mm from the RF electrode. The
reaction [13, 15-17], the steady-state mass balance equatiotines drawn are the result of least squares fitting.

of SiH is

KalNiey Nising = ke Nisirn N 3 The different behaviour of Ar and He as diluants gives

and thus further insight into this phenomenon. Helium, the gas
Nisiny = @N[(]' 4) of sm{iller _coIIision cross section and higher ionization

k; potential, gives a higher rate of increase with increasing

Therefore, the measured LIF intensity will depend mainly dilution than does Ar which gives higher LIF intensities
on the electron temperature and density, or, taking into in general due to the fact that it contributes to the
account equation (2), on the efficient electron density and decomposition of silane through high-energy metastable
on the influence of pressure énunder the specific plasma  states [20,21]. In fact, the production frequency of SiH
conditions. radicals has been shown to increase fra@8Gs™ [22] for

In this context the expected general effect of a pressurepure silane to @ s* for 10% silane in argon [13].
increase is a decrease in the electron temperature and an  Therefore, according to the previous discussion, the
increase irk,, both resulting in a decrease in the measured increase in the measured LIF intensity can be attributed to
SiH density. In fact, as one can observe in figure 2, which the increase both in the electron temperature and in electron
presents the variation of LIF intensity with pressure for a density under these conditions: however, one must consider
pure silane discharge, the fluorescence intensity shows ahe fact that, under the given conditions, a decrease in the
first-order exponential decay with increasing pressure. discharge impedance is also expected. The latter effect

In the case that silane flow is kept constant and pressurewould lead to an increase in the power dissipated in the
is increased by adjusting the flow of the dilution agent, discharge and thus to an additional increase in the electron
Nisin,) remains constant with pressure. Thus, although the temperature.
pressure rises there is no increase in the number of SiH—-  Furthermore, in the case of silane dilution the ion
SiH, collisions. Therefore, as can be seen in figure 3, the bombardment and the ion energy increase significantly,
use of dilution leads to a very different behaviour. Namely, depending on the diluent gas [5]. The ion flux and ion
there is a linear increase in LIF intensity with increasing energies are higher for the case of He than they are for the
pressure. This increase is also attributed to an increase incase of H, whereas Ar makes an even smaller contribution.
the efficient electron density; however, the factors that will Given the fact thaty, the secondary electron emission
influenceNy;; must be discussed further. coefficient, for a-Si:H is only 0.033 [23], the addition of

The electron temperature should increase in generalfast secondary electrons would not lead to a modification of
when diluting with a gas of higher ionization potential [18] the primary electron heating mechanism, which is related
or lower collision cross section, under constant total to sheath heating [9]. However, it is expected that the
pressure. In fact, Perrin [19] has used the empirical addition of fast secondary electrons would be observable,
relationshipkzT.(eV) = 3.7 + 2.229, where 6 is the at least near the sheaths.
hydrogen fraction, to calculate the electron temperature in Since the increase in the observed LIF intensity is
hydrogen-diluted silane. However, previous experiments related to the energy and population distributions of fast
under constant total pressure showed no significant increaseelectrons in space, an earlier observation of this group
as a function of the dilution gas percentage 19y, [6]. can be used for further examination of its microscopic
Additionally, there is an electron density increase, whereas nature. Namely, it was observed that the LIF intensity
a relative decrease in the electron temperature and annear the deposition electrode surface, at constant total
increase irk, are expected because of the pressure increasepressure, increases with dilution, presenting a maximum
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for a certain dilution percentage, while at the same time the 14
LIF intensity in the bulk plasma does not show the same
behaviour [7]. The exact percentage corresponding to the
maximum LIF intensity was found to depend on the nature
of the dilution gas used. The origin of this phenomenon
was wrongly attributed to the increase in SiH diffusion due
to the existing concentration gradients [6]. However, it
was proven that the observed SiH concentration profiles
under these conditions are reaction rather than diffusion-
dominated and thus they represent the spatial generation
profiles of these radicals [11]. In fact, our effort to
reproduce the phenomenon by increasing the SiH diffusion
coefficient, through modelling, failed since diffusion cannot
account for the local increase in SiH density near the
electrodes.

This phenomenon was further investigated experimen-
tally by varying the total pressure for certain silane per-
centages. Thus, in figure 4 is presented the variation ]
in LIF intensity at, and I,,. as a function of pres- 22

= 20%

sure for dilutions of 10 and 20% in hydrogen. In the 40 80 120 160 200 240
upper graph one can observe that there is a maximum Total Pressure (mTorr)

in the LIF intensity at a specific pressure for each per-

t N v thi . ¢ ds | Figure 4. The LIF intensity (arbitrary units) as a function of
centage. Namely, this maximum moves towaras IoWer .ia pressure in 10% and 20% silane—hydrogen

pressures for higher silane percentages. The same ISischarges. Inax is at 10 mm from the RF electrode, /, is at
true for the LIF intensity atl,,,, (lower graph) although 3 mm from the earthed electrode.

the maximum is present at much higher pressures com-
pared with I,. Since the silane density is almost the

same in both regions of interest, independent of total pres- maximum is observed at a specific silane percentage. This
sure and diffusion coefficient, this difference depicts well percentage is higher for smaller The first observation is
the spatial dependence of the electron energy distribution compatible with the fact that higher penetration is possible
function.  This phenomenon can only be attributed to w;th djlution gas atoms of smaller cross section. The
an enhancement of the density of electrons which have second observation is due to the fact that, at higher dilution
enough energy to dissociate silane in the sampled re-percentages, the electron penetration is too high, resulting
gion. in a higher spread of the number of collisions in space,
In order to reveal the relation of the observed \hereas for low dilution percentages or no dilution most of
phenomena to the density of sheath-related electrons, eithetne collisions happen in the immediate vicinity of the sheath
wave-riding or secondary, two models were constructed. poundary. This means that the position of the maximum

The first one was a Monte Carlo simulation taking into il shift from short to longerx distances as the dilution
consideration the collision sequence of a large number of percentage is increased.

mono-energetic electrons entering the bulk from the bulk— The results of the model have been used for fitting
sheath boundary, taking into account the total collision experimentally observed LIF intensities &t for various
cross sections of silane and of the respective dilution silane percentages in helium and hydrogen at constant total
gas atoms. The model assumes that these electrons argressure [6], by varying only the silane collision cross
fast enough to dissociate silane into radicals and thatsection. The LIF intensity for pure silane was used to
the electron energy distribution function does not change convert the number of collisions to LIF intensity equivalent
significantly over a distance of 2 mm from the earthed units. The results shown in figure 7 were obtained by using
electrode, time-averaged plasma-sheath boundary. Thusgg;,, = 4 x 10 cn? for silane,op, = 1.5 x 10726 cn?

the number of dissociating collisions leading to SiH is for He andoy, = 6 x 10716 cn? for hydrogen. One can
proportional to the total number of collisions in the sampled observe a fairly good agreement with experimental data and

volume. data found in the literature, namely (2-3)0~16 cn? [24—
The idea that stands behind this approach is that 26].
the increase in LIF intensity comes from the increase in It is shown that the maximum number of collisions at a

penetration depth of sheath-related electrons in the bulk. specific distance depends on the silane percentage and the
Indifferent of their origin (secondary or wave-riding), these dilution gas used. For lower percentages, or for a smaller
electrons have a longer penetration depth as the silanecross section of the dilution gas atoms, the electrons are
percentage or the dilution gas cross section is decreasedallowed to penetrate deeper into the bulk whereas in the
This is shown in figures 5 and 6 for various percentages opposite case most of the electrons collide before reaching
of silane in helium and hydrogen respectively. It can be the specified position.

easily observed that, as expected, the penetration depth is These results were cross checked against experimental
higher for the case of He, whereas for a giweposition, a data concerning the variation in total pressure for certain
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Figure 5. The total number of electron—silane collisions as
a function of the distance (x) from the plasma-sheath
boundary, for various percentages of silane in helium
(results from Monte Carlo simulation).
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Figure 6. The total number of electron—silane collisions as
a function of the distance (x) from the plasma—-sheath
boundary, for various percentages of silane in hydrogen
(results from Monte Carlo simulation).

silane percentages in He and Eis shown in figure 8. The
simulation results, shown by open symbols, almost coincide
with the experimental observations, shown as full symbols.
The lines drawn in figure 8 result from a probabilistic model
that calculates the number of collisions according to the
relation

N,=N1- e—(oANA-HTsNB)L)

where N is the initial number of electronsN; is the
number of electrons colliding in an area of 1 mm radius,
at a distanceL from the plasma—sheath boundary,
and op are the total collision cross sections of silane,
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Figure 7. I, at 3 mm from the earthed electrode (full
symbols) as a function of silane percentage in helium and
hydrogen. The lines drawn represent the result of Monte
Carlo simulation.

as obtained from the Monte Carlo simulation, and the
dilution gas respectively in cfn N4, and N are their
number densities. This model’s results are also, in most
cases, in quite reasonable agreement with the experimental
results, although the calculations are much faster than
were those of the Monte Carlo simulation. Again in this
case the maximum number of collisions depends on the
density of silane and the cross section of the gas used for
dilution. The pressure at which a maximum LIF intensity
is achieved depends linearly on the silane percentage, as
is shown in figure 9. The linear behaviour is compatible
with the variation of the mean free path under these
conditions.

These results, as well as the variation in total pressure
at fixed silane percentage and the variation in silane
percentage at constant total pressure validate the assumption
that the positions of the observed maxima depend on
the energetic electron density as this is modified by the
electron penetration depth. This indicates that either the
electron energy distribution is not significantly changed
over the specified distance or the dissociation towards
neutral radicals is not influenced too much by this change.
If the increase in energy of the electron population with
decreasing pressure could influence more the generation of
SiH, the maxima observed in figure 8 would be harder to
explain and they could not be reproduced by this model.
In any case, the main electron-heating mechanism under
the conditions used in this study is sheath heating, whereas
the increase in energetic electron population comes also
from the sheath boundary while Joule heating plays a minor
role [9]. The same phenomenon of an increasing LIF
intensity near the surface has been observed experimentally
in the case of substrate heating, which induces a local
heating of the gas and subsequently a decrease in local
molecular density [27].

This phenomenon leads to a significant increase in
the radical flux to the deposition surface. This is one
of the reasons for the increase in deposition rate which
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Figure 8. I, at 3 mm from the earthed electrode (full
symbols) as a function of total pressure for 10%, 15% and
20% silane in helium (upper graph) and hydrogen (lower
graph), together with Monte Carlo simulation results (open
symbols). The lines drawn represent the results of the
probabilistic model.
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Figure 9. The pressure of maximum LIF intensity as a
function of silane percentage in helium and hydrogen.
Experimental points are represented by open symbols,
Monte Carlo simulation by full symbols, whereas the lines
result from the probabilistic model.

is observed in diluted silane. Therefore, high-sticking-

Dilution effects in SiH, discharges
4. Conclusion

The dilution of silane with gases of higher ionization
potential and/or lower collision cross sections results in
an enhancement of the generation of radicals in the gas
phase. The local increase in silane decomposition and
consequently in the concentration of radicals, observed
by LIF near the deposition electrode, is attributed to
the increase in penetration depth of fast electrons from
the plasma—sheath boundary. According to the model
described, the density of efficient electrons at the sampled
volume will attain a maximum for a specific silane density
for each dilution gas.

Both the general influence of dilution and the local
increase cause an increase in the deposition rate, while the
local increase can also alter the film growth mechanism
because of the enrichment of the flux of precursors with
high-sticking-coefficient radicals. The resulting film is
expected to be influenced in terms of microstructure,
hydrogen content and defect density, depending also on
the efficiency of the ion bombardement. The simulation
of this phenomenon has permitted us to calculate directly
the total collision cross section of silane from experimental
data.
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