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Powder dynamics in very high frequency silane plasmas
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Particulate contamination produced duning plasma-assisted deposition of amarphous silicon
devices can be responsible for reduced quality wnd yield. The threshold for powder formation
imposes an upper limit on the radio frequency () power and hence the deposition rate. In this
work, the parallel-plate capacitor discharge volume & illuminated and global, spatio-temporal
powder dynamics are recorded by CCD camera for analysis. The onset of powder production is
determined visually and from observed modifications to the discharpge electrical properties such
as the matching concition, the direct current self-bias and the il power transfer cfficiency. A
systematic study has been made of the powder-free operationsl space as a function of rf power,

of frequency (13.56-70 MHz] and substrate temperature.

1. INTRODUCTION

Powder focmation during plasma-enhanced chemical va-
por deposition (PECVD) is a source of contamination fo
be elimipated. On the other hand, the plasma synthesis of
ulirafine, high-purity microparticles has potential in the
flelds of ceramics and catalysors.

Sine the work of Spears,” powder formation in silane
plasmas used for amorphoos silicon (o-5iH) deposition
has been intensively studied. " In most cases, the particles
are detected by laser scattering, and spatial resolution is
obtained by displacing the optical system or the reactor. A
global visualisation of particles im ciching plasmas has been
obtained by CCD camera and Jaser rastering.” In all cases,
negatively charped particles suspended in the plasma accu-
mulate near the plasma sheaths Besides electrostatic
forces, the pacticles are subject to thermopharesis forces® in
the presence of any gas !rmgemlu.re gradient as well as
viscous forces in the gas flow.” In addition, recent theoret-
ical work has showm that charged particles can modify the
electron energy distribution by Coulemb collisions and
eleciron  attachment,"” and introduce  recombination
centres."!

In this article, powder is observed by means of white
light illumination of the reactor volume for pure salane
plasmas.” The global, spatio-temporal evolution of the
powder is recorded and digitized by CCD camern for qual-
ilative analysis. Modifications to the clectrode voltage also
serve as a powder disgnostic. After a description of the
eaperiment, the results are presented in the following or-
der: Section II1 discusses the powder influence on electrical
measurements such as plasma conductance, power transfer
io the plasma and clectrode sell-bias; Section IV & con-
cemed with the temperature and frequency parameter
space for powder-free operation. Section ¥ describes the
dependence of powder profiles on electrode temperature
and excitation frequency from 13.56 to 70 MHz.

Il. EXPERIMENTAL ARRANGEMENT

The reactor (Fig. 1} consists of iwa, symmetric stainless
sieel cylindrical electrodes of diameter 130 mm positioned

20 mm apart. The gas inbet is in the side wall of the cubic
vacuum chamber of side 400 mm. For these experiments,
the silane flow was 30 sccm with a pressure of 0.3 mbar
feedback controlled by means of & capacitance barometer
acting upon the turbopump speed.

The 88 cm glass substrate is held by a stzel template
to the underside of the upper, grounded electrode which
can be heated to 250°C, The lower, radio frequency (rf)
clectrode can be water cooded and has 8 grounded guard
serezn. The of power from a wideband {10 kHz-200 MHz )
amplifier 15 capacitatively coupled (o the of electrode via a
wanalching network at the input of which the forward and
reflected rf power is measured with a directional cowpler.
The reactor walls are grounded and maintained at 100 °C.

A passive, rf voltage probe { = 100) is positioned inside
the lower cylinder and contacis the back surface of the rf
electrode exposed to the plasma. The voltage waveform is
maonitored on an electrically Roating oscilloscope.

The reactor volume is illominated with white light and
observed at 90° by eye or CCD camera.” The windows are
positoned at the end of 220 mm-long radial ports whach
suffices to eliminate any deposition which would otherense
faksify intensity measurements,

Ill. THE INFLUENCE OF POWDER ON PLASMA
ELECTRICAL PROPERTIES

The voliage measurement made directly on the ff elec-
trode, in conjunction with the total input power, can be
used to estimate the effective power dissipated in the
plasma by a subtractive method.'*'? By this method, the
plasma power is given by the difference between the input
power without plasma and the input power with plasma,
an condition that the measurements ire made al constanl
electrode voltage by adjustment of the amplifier outpul
feved.

Figure 2{a} shows the square of the rms electroade volt-
age s 8 function of input power, messured with plasma
[Py} and without plasma (P in vacoum ). The reciprocal
slope of the vacuum ling can be egquated with the circuil



Fui. 1. Schematic af experimental arrangemenl showng T eircuit, ce-
irekle wodlage probe, and wkaie lighe illuminatian.

eguivalent conductance (5, (real pant of the admittance ) as
rmeasured at the volizge probe position™ using the Follow-
ing relation:

Po= G

i, 1% observed 0 be a constant as expected for a linear
circuit. The conductance with plasma &, is approsimately
independent of input power for a powder-free plasma [de-
noted by the unshaded region in Fig. Z(a)]. This can be
understood by a simple calculation which shows that
plasma conductance is appresimately independent of elec-
tron density. Further evidence of constant plasma imped-
ance is that the matching condition for zero reflected
power, as determined by the value of the vamable capaci-
1075 in the ¥ network. is independent of input power in the
shsence of powder formation.

As the inpul powser s increased, a threshold level
[Piaces 10 Fig. 2(a)] is reached at which the discharge pa-
rameters change spontaneously. This threshold power and
the duration of the change are reproducible for given dis-
charge initial conditions. During this transition, the rf volt-
age falls stzackily and the matching condition is perturbed,
iz, the reflected power increases. No particles can be seen
ut the onset of these electrical modifications, presamably
because their size and number density are ton small to be
visually detected. However, as the transition continues, vis-
ihle particles always appear subsequent to the electrode
voltage changes at the threshold power. Powder is fiest
seen (o sccamulate near the bower, of electrode edge where
the electric fringing fields to the grownded guard screen are
mmost concentrated. The powder formation then spreads
towards the axis, eventoally forming o suspended dise at
the plasmarssheath boundary of the o ebectrade. At all
times, powder streams continuously radially cutwards to
form an orange/yellow deposit on the side walls and the
chamber Aoor. The deposited particles have been analysed
by centrifuge and scanmng electron microacopy and found

.r“‘lﬁll 16

1 Y]
L b
b e ey
o
E O 0,18
s |
Eos
&
1. s
Boag
g o005
=i o
POWDER
0 b et b b

5 10 15
Input power [W]

Free 2. Influence of powder on electieal poopertics of the discharge such
as 04l T electrode rE vallage squared; [h) power tramsler eficiency and
ratio of do sebl-bias { Fg1 oonf soltage O frequemey 30 MHe. wpper
hecirode lemperature 200 °C, lower elecernde 1590},

to be about (.3 pm in diameter. Submicron pariles are
thus visually detectable, although their number density, for
the conditions investigated here, i higher than wsually
found in plasma deposition reactors.® Once the powder
evolution hes reached steady siate, the of voltage and re-
Aected power levels are also stabilized. The break in the
plasma line of Fig. 2(a) corresponds e this transition
which lasts from 0.5 to 20 s or more, depending on the
pressure, inter-electrode spacing, il frequency and elec-
teode temperatifes.

These electrical modifications correspond 1w an alter-
ation in discharge impedance due 1o the powder formatian.
From the reduction in slope, the 1otel conductance has
substantially incressed for the case in Fig. Xa). An in-
crease in conductance, the real part af the admittance, can
be explained by a diminution of the phase anghe between 1f
current and woltage: such a phase reducnon has been re-
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If we define the of power transfer efficiency for our de-
vice t0 be the rato of plasma power 1o total input power, it
can be seen from Fig. 2{a) that this fraction is higher for
the plasma-powder ensemble than for the powder-free
plasma—ihis is shown eaplicitly in Fig. 2{b). Numeral
caleulations'™ show that an efect of charged particles in
|1n|:|$.|1'|:l§t 1% 10 shifl the eleciron ETHIEY distribution towards
bower energees by Coulomb scattering and attachment. The
imcrease in power transfer fraction from the eleciric field 1o
the plasma-powder ensemble s thus explained by the
higher vross sectien for electron energy loss due to trapped
particles in the discharge, However, although the power
trapsfer fraction may be higher, this is to the detriment of
the required plasma processes such as dissociation and jon-
ization because the content of high energy electrons in the
tail of the distribution is reduced.

When the power is raised still further above the thresh-
obd valwe, the large quandity of powder produced eventuo-
ally absorbs all the high energy eleciron content. thus stop-
ping iomzation and the plasma is extinguished.

Trapped particles also influence the direct current {de)
self-bias { Fl of the of electrode. Self-bias depends on the
rati of the grounded and rf elecirode effective areas for
plasma current flow and is negative if the rf electrode aren
is less than the grounded clectrode surface.'” In the ab-
sence of powder, the sclf-bios for silane plasmos in our
reactor is zero or slightly negative, as expected for sym-
metric electrodes in a grounded vacwum chamber: the
mean-free path of electrons is small enough to prevent sig-
nificant leakage of plasma current outside of the clectrode
gap to the grounded chamber walls, With powder, haw-
cver, the self-bias becomes positive; this observation has
previously been atiributed to the presence of negative jons.”
I cur case, we atiribute the positive self-bias 10 the influ-
ence of powder which generally necumulates at the sheath
in front of the cold rf electrode (see Sec. ¥): the negatively
charged powder particles have the effect of reducing the
local free eleciron density and energy, and consequently
the self-bias miust rse in oeder Lo maintain equilibrium
berween electeon and ion currents aceess the il electrode
sheath.

IV. OPERATION DIAGRAMS FOR POWDER-FREE
PLASMAS

In this section, the parameter space for powder-free
plasma operation in our reactor geometry is plotted out by
measuring the plasma power threshold as a function of
electrode temperature and of frequency, This threshold de-
fines the boundary between powder-free plasma and
plazma in which powder forms, The threshold power is
determined by the power at which electrical discharge pa-
casmeters change; this also marks the subsequent evolution
of visible powder. The minimurm detectable size, as de-
seribed in the previous section, is at least ag semall ag 0.3
4.

! F"ig,ur: 1 shows the p|nmna. prwer lhm}-nbd s a f'um:-
tion of substrate temperature with the rf electrode main-
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Fiti, 1 Heated electrode lemperalure dependence of plassms power
threshold for powder onsct mear the of eloctrode s1 50 °C (powder ) and
for the appearance of powder near the heated slectrods (powiler b
wide). of 30 MHz.

tained at 30°C. Mo visible powder s produced for how
plasma power. As the power is increased, a threshobd is
crossed for which powder forms at the sheath of the lower,
f electrode which is cooler than the upper, grounded elec-
trode holding the substrate. MNote that, even for equal elec-
trode temperatures of 50 °C, the powder initially forms at
the rf electrode because of the electric fringing Gelds 1w the
grounded guard screen which create a local concentration
of power density, thereby reducing the plasma power
threshold level ai the of electrode with respect to the upper,
grounded electrode. If the power is further increased be-
vond the threshold level in our reactor, & sccond power
limit iz reached for which powder abso begins to aceumu-
late at the subsirate sheath edge {Fig. 3). At this second
power limit, powder formation always begins directly op-
posate the junction of the glass substrate and the steel tem-
plate holding the substrate 1o the ground electrode, This is
probably caused by fringing fields due to the Lo phy of
the electrode surface, as reported by Selwyn™"® for powder
trapped in ciching plasmas. Careful design of the substrate
holder to reduce fringing fields would help to avoid flm
contamination from parliculates forming ai the substrate
sheath.

Figure 3 shows that for high subsirate temperatures,
higher power operation is possible before visible powder
formation begins, This can be seen even more clearly in
wathermal plasma experments where powder formation is
suppressad if the electrodes are sufficiently hot.* To explain
powder suppression at high substrate temperature, it is
necessary [0 consider the changes in plasma chemisiry
which influence pawder formation in the plasma. The fol-
lowing arguinent B one attempt 1o account for the powder
reduction at high temperature by considering the interac.
tion of the plasma radicals with the clectrode surfaces: The
powder in silane plasmas i formed by agglomeration of
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Fic. 4. o dependence of plasma power threshold for porwder caet {upper
elecirode temperuture 200°C, lower elecirode temperatare 50°C).

certain reactive radicals {powder precursors) produced by
dissociation of silane by electron impact. We can assume
that radical reaclion rates with the growing film surface
depend on the surface temperature, because the deposition
rate varies with temperature,'” all else being constant. This
means that the radical sticking cocfficients are temperature
dependent. The surfece temperature, therefore, could in-
fluenee the relative concentration of different dissociative
products in the vicimity of the electrodes by determining
which radicals are preferentially incorporated into the film,
and which are less likely to stick, thereby remaining in the
plasma. An explanation of the rise in power threshold with
substrate temperature would then follow by postulating
that the powder precursor radicals have a greater proba-
bility of sticking to the flm surface at higher surface temi-
perature, therchby lowerimg their concentration in the
plagma and reducing the tendency o agglomerate into
powder particles.

Figure 4 shows the plasma power threshald diagram for
powder-free operation as a function of rf excitation fre-
quency. Here, the upper electrode temperatare is fixed at
200°C and the lower at 50°C, This figure illustrates the
fact that higher rf frequency operation permits increased
plasma power density while remaining free from particu-
late contamination. Sheath potentials are smaller at higher
frequency for a given plasma power™ and so 2 possible
explanation is the reduction in electrostatic trapping of
powder. However, it should not be discounted that very
high frequency {VHF) plasma operation could also alier
the relative distribution of the varow dissociation prod-
ucts (e.g., by changing the electron energy distribution
Tunclion as mmpnn‘.d to that at 13.56 MHz) which could
inhibat the production of those radicals acting as powder
precursors. Some evidence to show the effect of freguency
on dissaciation and EEDF is the increase in deposition rate
and plasma-induced emission in the VHF regime' at con-
stant plasma power.
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Fua. 5. Drependence of powder profiles on upper electrode temperaare;
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V. POWDER PROFILES AS A FUNCTION OF
TEMPERATURE AND rf FREQUENCY

Spatial profiles of powder formed and trapped in silane
plasmas were monitored and digitized with a CCD camera
by illumination of the reactor volume with white light.?
The scattered intensity is a convolution of the particle size
and number density, but nevertheless 15 a useful guide to
the volume of particulates in the plasma. For the capeni-
ments deseribed in this section, the substrate temperaiure
was varied between 30 and 220°C by heating the apper
grounded electrode, while the lower of electrode was main-
tained at 15 °C. The plasma power was above the threshald
value for powder production in these conditions. The de-
pendence on f excitation frequency in the very high fre-
quency range was also studied from 30 to 70 MHz.

Figure 5 repretents & vertical profile. near to the elec-
trode axis, of scattered light fram the powder for different
substrate temperatures with the effective plasma power and
ef frequency held constant. At low lemperatures, two dis-
tinct powder layers were wisible—it is proposed that the
negatively charged particles, surrouisded by positive ions,
experience a potential well which traps the powder parti-
cles at the plasma/sheath boundaries.* When the temper-
ature is increased, the total scattered intensity 5 reduced
and the profile is displaced towards the cold electrode. For
substrate temperatures above 120 °C there s no longer any
powder at the substrate sheath.

These profile modifications can be explained in terms of
the change in plasma chemisiry deseribed in Sec. IV
wherehy the ratc of formation of particles is reduced in the
neighborhood of the hot electrode. However, ance particles
are present, the thermophoresis force® (by which a tem-
perature gradient in the gas causes particles to move io-
wards the cold electrode by momentum transfer of hot gas
molecules 1o the particles) also has to be taken into -
count. The thermophoresis effect is observed in the follow-
ing way in our reactor: First, & steady-state condition with
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Fi. & Dependence of powder profiles cn of freguency (plasma power
comatant al § B, beaied electrods emperatune 130 °C, hottom electrode
1)

two powder layers i establshed in the silane plasma
Then, when the ground electrode femperature i increased,
some particles which were previowsly trapped near the
ground electrode sheath are wen to cross the electrode gap
1o become trapped in the if electrode sheath. Thercfors, for
a safficiently high tempersture gradient (around 80°C/
cm), the thermophorews force appears sirong enough 10
overcome the electne forces scling 10 hold partscles at the
substrate sheath/plasma boundary, and displace them 1o
the rf electrode sheath/plisms boundary. Funther experi-
mients would be necesary 10 distinguish the relative im-
portance of the thermophoreds force and the plasma
chemistry cffects in determining the powder profiless be-
cawse the silane plasma is a0 the same time the particle
source and the medium in which they are suspended.

Figure & shows vertical profiles of scattered light for
different rf excitation frequencies al constant plasma effec-
tive power. The elecirode temperatures are fixed at values
where all the powder accumulates at the cold f electrode
sheath as described above, The toial seattered intensity and
the layer widih both diminish as the frequency is increased.
The sheath width, as judged by the gap between the elec-
trode and the powder layer, is also reduced a1 high fre-
guencies. As mentioned in Sec. 1V, o reduction in trapping
potentials, or a modification fo the desocisted radical com-
position with VHF operation are possible explanations for
these Mrequency -dependent phenomena.

The sbove measurements were all made with contine-
ous, constani amplitude rf power. Another imponant tech-
nique for powder suppresion i by using 1 power modis-
Lation a1 kiloHertz frequencies,”® or imermittent pulsed ri
power." This method, combined with high sobstrate tem-
perature and frequency, could allow siill larger plasma
power densities with no powder formation with a corre-
sponding increase in deposition rate of high-qualiy Glms.

Vi. CONCLUSIONS

Tive problem of powder contamination in plasma depo-
sition reactors has been investigated, We discuss the tran-

5

stion from powderdree to powder-producing plasmas,
during which the discharge voltage, plasma conductance,
power transfer fraction, and of clectrode de self-bias all
change spontaneoasly. This transstna defines 8 manimum
power threshold for posder-free plasma.

High substrate temperature and high rf excitation fre-
quency both have the effect of rasng the power threshold,
allowing a higher power density and thereby increased dep-
osition rate withou! powder contamination. [t is suggested
that this could be due 1o & change in radical composition in
both cases, inhikiting the development of powder precur-
sors in the discharge.

If conditions are such that powder forms in the plasma,
thermophoresis forces” due 1o the presence of o tempera-
ture gradient can play a role in determiming the spatial
distribution of powder; e.g., by displacing particles away
from a hot substrate 1o a coldér counter-electrode. Fur-
thermore, the discharge electric fields nnd therefore the
electric trapping polentials are diminished by high fre-
quency operation, which could reduce the lendency fos
powder to accumulate in the plasma

From the poant of view of powder contamanation reduc-

ton, plasma operation af high substrate temperaiure and
high frequency are both seen to be heneficial
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