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ABSTRACT

Experimental identification of the precursors and processes leading to particles is essential
for understanding particulate contamination in deposition plasmas. We have investigated particle
formation in rf silane plasmas using light scattering (elastic and inelastic) and quadrupole ion
mass spectrometry as complementary plasma diagnostics. Negative ions reach high masses (at
least 500 amu) and are the only elementary species with a residence time on the scale of the
powder formation time. Furthermore, a negative ion polymerisation scheme shows that the
densities of high mass anions are strongly diminished at kHz power modulation frequencies,
where reduced powder production is also observed. We conclude that negative ions are the
particle precursors and that initial clusters grow by negative ion polymerisation in silane plasmas.
In situ light scattering techniques are described to self-consistently determine particle size, number
density and refractive index. Novel, visible photoluminescence measurements from particles
suspended in the plasma are also reported. These diagnostics demonstrate that particle evolution
proceeds by an agglomeration phase and that the particle properties are different from the bulk

material early in the particle development.



I. INTRODUCTION

Particulate contamination formed in plasmas for industrial applications presents a major
problem by limiting manufacturing productivity and device reliability [1-3]. The suppression of
particle formation in silane plasmas for amorphous silicon deposition presupposes a knowledge
of the powder precursor identity and of the reactions leading from the monosilicon process gas to
particles containing millions of silicon atoms. In this paper we simultaneously use quadrupole ion
mass spectrometry and light scattering to investigate precursor formation and particle growth in
silane rf plasmas.

Various species could be involved in plasma polymerisation leading to particle precursor
formation. Polymerisation could propagate by insertion of silane radicals into higher saturated
molecules [4,5] or by silane addition to positive ions [4,6]. Negative ions are trapped in the
plasma by the sheath potentials which suggests that plasma polymerisation could also proceed via
negative ion pathways even if the reaction rates are slow [7-12]. Time-resolved mass
spectrometric measurements of the diffusion of heavy polymerised negative ions from power-
modulated f silane plasmas are modelled by a simple polymerisation scheme to demonstrate the
effect of modulation on precursor formation.

Particle precursors are too small to be visible, although particles suspended in the plasma
can be detected by light scattering [1-3,13-19]. The scattering is often monitored simply as a
guide to the amount of powder and onset rate [20] because the intensity is a complex convolution
of particle size, number density and refractive index [21,22]. Different methods have been applied
to deconvolve the particle parameters using angular dissymmetry [23] and polarisation-sensitive
diagnostics. In general, additional ex situ measurements [15] or assumptions (such as using the
refractive index of amorphous silicon [18]) are necessary. In this paper, we attempt to self-
consistently determine the particle size, number density and refractive index from 90°
polarisation-sensitive scattering and extinction measurements. In addition, visible
photoluminescence from the suspended particles [24] is briefly described and proposed as a

potential in situ diagnostic.



II. EXPERIMENTAL DESCRIPTION
The conventional parallel-plate rf reactor comprises two symmetric 130 mm diameter

electrodes with a 25 mm electrode gap, described in detail elsewhere [25]. Plasma parameters for
good quality a-Si:H deposition were chosen: 30 sccm pure silane flow at 0.1 mbar pressure. The
if power of 4 to 10 W at an excitation frequency of 30 MHz was capacitively-coupled to the rf
electrode.
A. Experimental Method for Light Scattering Measurements

Light scattering by a spherical, homogeneous particle is described by the Lorentz-Mie
theory [21,22]. For a randomly-distributed ensemble the total scattered intensity is the sum of the
individual particle intensities provided that no multiple scattering occurs. For identical particles,

the power at the detector is :
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and equivalently for W¢/, where the polarisations are represented in Figure 1. The terms Sy, S
are complex elements of the amplitude scaitering matrix [26] and are a function of the complex
refractive index n, the size parameter x = 27 r/ A (r is the particle radius and A the source
wavelength) and the scattering angle 6 (90° in our case). Np is the number density of particles
present in the observation volume AV. Note that AV and the solid angle A2 must be sufficiently
small for the scattering angle to be close to 90° and for the purity of polarisation to be conserved.
The incident intensities (Io1, I/) at the observation volume are corrected for any absorption and
scattering losses from powder between the source and this volume. The experiment is also
arranged to avoid scattering and absorption losses between the observed volume and the detector.
The measured transmitted power fraction W/ Wy, is independent of polarisation and, for simple
scattering, is given by :

Wi/ Wo = exp (-Cext Np d) (2)
where d is the path length of the visible beam in the powder layer suspended in the plasma. Cext

is the extinction cross-section (sum of scattering and absorption) and depends on x and n.



Experimental procedure The scattered power is monitored during particle growth with both the

source and detector polarised parallel or perpendicularly, giving Wgt and W¢ in consecutive

experiments. Since we arrange for Iot =1/, we can define :
p= Ws - Wy _ |SL|%-]Su?
Wi+ W |Su? +1Sul?

which would be equivalent to the degree of linear polarisation for the case of unpolarised incident

(3)

light. Note that P is a function of x and n only, and S and S;;, which also determine Cey, are
calculated using the BHMIE algorithms [26]. The signal evolution has been demonstrated to be
highly reproducible even down to the smallest features. P is a multi-valued function of the size
parameter and therefore an estimation of particle size requires that the particle development be
followed from the beginning. The technique therefore cannot be used for instantaneous
measurements in an already-formed plasma/particle system.

We find that there is no unique refractive index which can describe the time variation of P
assuming particle growth with continuous, monotonically-increasing radii. Therefore we must
allow for a changing refractive index n(t) during particle growth, and follow an iterative
procedure to self-consistently determine the parameters {Np, X, n} as a function of time:

i) Firstly, the P curve is reproduced using S, (1) and S;/(t) values calculated from an
assumed step by step variation for the real and complex parts of n(t) during the particle growth
phase, along with the corresponding size parameter variation x(t).

ii) The value of Cex(t) is then calculated using these S and S values, and the time-
varying particle number density Np(t) is estimated from the W/ W, measurement and Eq.(2).

iii) Using Eq.(1), values for Wl and W are calculated and compared with the
experimentally-measured Wl and W/ signals.

The procedure is iterated until a reasonably-accurate self-consistent agieemem is found for
the measured values of {Wgt, W/, W} in terms of the particle parameters {n, x, Np} over the
whole time period investigated.

Limitations of the technique. The method described is non-perturbative, easy to install in a plasma
reactor, and gives self-consistent results without requiring any ex-situ measurements. However,
to follow the particle evolution, it is necessary to arrange for the observation volume to coincide

with a position in the discharge region where the particles form and grow without drifting out of



the zone under observation. Displacement of the particle cloud can be minimised by using an
isothermal environment to eliminate thermophoretic forces [27] and by using conditions which
avoid rapid production of high particle densities leading to instabilities which can empty particles
from the plasma - light scattering diagnostics could wrongly interpret these effects as a real
reduction in particle formation rates.

Boufendi et al [15] have demonstrated that particles are mono-sized during the early stage
of development. Moreover, since the scattering cross-section varies as 19 for the smallest particles
(Rayleigh scattering for x < 0.1-0.3, depending on the refractive index [28]) and at least as 12 for
larger particles, our assumption of identical particles is justifiable by considering that light
scattering from the initial class of particles will dominate the detected signal during the particle
development investigated here.

The iterative data interpretation procedure is not automatic, but requires a degree of
judgement and experience to aid in identifying the parameter trends most likely to yield self-
consistent results.

B. Ion Mass Spectrometry

The differentially-pumped mass spectrometer was a Hiden Analytical Limited Plasma
Monitor type HAL-EQP 5007 for masses 1-500 amu. The ion extractor head in Figure 1 was
positioned with its axis in the electrode plane 10 mm beyond the grounded guard screen [12]. In
this work, therefore, ions were not extracted at the grounded electrode but at the mass
spectrometer head which was at the same potential. Ions enter the monitor through a 100 pm
aperture in the extractor electrode. A +40 V bias gave a good negative ion signal without creating
a visible secondary plasma in the extraction orifice. For time-resolved measurements, the
channeltron pulses triggered by ion events were registered by a gated counter [12]. The deposited
film or powder can block the aperture [8] and the monitor extraction head had to be dismantled

and cleaned in acid after every few hours of exposure to the plasma.

III. RESULTS
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A. Negative ions

Figure 2 shows the time-resolved behaviour of mono- through to hexa-silicon hydride
anions in an on/off power-modulated plasma [12]. The double peak in the mono-, di- and tri-
silicon hydride anion groups is predicted by the model of Overzet et al [29] : the first peak is due
to attachment in the decaying sheath after plasma extinction and the second peak is due to negative
ions diffusing from the plasma bulk when the sheath has collapsed [11,12,30,31]. Fig. 2 also
shows that only the monosilicon hydride anions have enough time to completely disappear at 1
kHz modulation frequency. Because of the mass-dependent diffusion loss rates {12] the
modulation frequency influences the composition of the plasma. This point will be demonstrated
by a simple polymerisation model below.

Negative polysilicon hydride ionic clusters have been observed up to the 500 amu mass
limit of the mass spectrometer [32], corresponding to [SijgH]", indicating that negative ions
could be precursors to larger clusters and ultimately to powder particles. These negative molecular
ions are singly-charged by incorporation of an electron into a molecular orbital; the concept of
sheaths and floating potential only apply when the object is large enough so that it is statistically
meaningful to speak of electron and positive ion fluxes to its surface [9,33,34]. The positive ion
masses are limited to only 150 amu, possibly because of the activation energy barriers described
by Mandich er al [35]. The positive ion size might also be limited because of ion-ion
recombination losses, or because they are efficiently evacuated from the plasma across the
sheaths.

Polvmerisation scheme for negative ions

Experimental results suggest that a polymerisation pathway proceeds via negative ion
clustering; they are not simply by-products formed by electron attachment to a neutral species
pathway. Three reasons why the high-mass negative ions are not formed by attachment to heavy
neutrals are [12]:

i) no neutrals with masses as high as negative ions are detected in the mass spectra,

ii) negative ions and neutrals have very different abundance ratios,

iii) no attachment peaks exist in the time-resolved measurements for negative ions heavier

than trisilicon hydride anions (Fig. 2).



One possible polymerisation pathway which propagates via negative ions is by silane
addition [7], analogous to the condensation reactions proposed for positive ions [4,6,36]. lon-ion
recombination is the second possible pathway for polymerisation [37,38]. Since heavy neutrals
are not observed, it must be supposed that they are re-attached and therefore ion-molecule and
ion-ion reactions both eventually lead to stable higher-mass negative ions. The conditions for
negative ion formation are discussed in more detail in Ref. 12.

The qualitative behaviour of negative ion polymerisation in modulated silane plasmas can
be described by a phenomenological model [12]. In the following, the term Sy (t) designates the
time-varying plasma density of all the polysilicon hydride anions containing n silicon atoms. The
conservation equation for the monosilicon hydride anion density is :

monomer : dSy(t) / dt = £(r) - K1S1(1) - g1(), 4)

where f(t) is the monomer source term due to electron attachment on silane, K is the reaction rate
for silane addition, and g;(t) is the monomer loss rate due to detachment and modulation losses.
For simplification of the model, we will arbitrarily assume that polymerisation proceeds by ion-

molecule reactions and neglect ion-ion recombination. For the remaining equations we ignore

formation of higher-mass negative ions S, (n > 1) by any process other than by polymerisation
from the preceding Sy, ion, to obtain :

polysilicon hydride anions:  dS,(t)/dt = K, 1Sp.1(0) - KSp(1) - g, (). (5)

The function g (1) represents modulation-induced loss rates due to the sheath collapse which are
considered to be large compared to the weak transverse diffusion losses out from between the
electrodes. Time-averaging over a power modulation cycle in steady-state conditions and adding
the first N equations gives :

N
mean polysilicon hydride anion density : ~ Sy=(f- Z Tn)/ Ky (6)
1

where it is assumed that there is no break in the polymerisation sequence since all K, are taken to

be non-zero. Equation (6) shows that the time-averaged plasma density of the polymerised

negative ion Sy is determined by the monosilicon hydride anion production rate, the
polymerisation reaction rate Ky for the ion itself, and the total of the modulation-induced losses

of all the preceding negative ions. This emphasises the importance of power modulation for



controlling the density of negative, highly-polymerised species in the plasma. We estimate the
time window for anion loss during the afterglow by extrapolation from experimental data as a
function of modulation frequency and anion mass [12]. Steady-state time-averaged negative ion
densities for a given modulation frequency are determined by iterating equations (4) and (5) until
the time-variation of each ion density was the same in successive cycles. Values for g, and K,
were self-consistently chosen so that the calculated losses gave a reasonable fit to the experimental
data [12].

Figure 3(a) and (b) show how the time-averaged negative and positive ion signals vary
with modulation frequency. Above 15 kHz the sheath does not have time to collapse sufficiently
for any negative ions to escape. Figure 3(c) shows the modelled losses for comparison with Fig.
3(b), and the corresponding calculated anion densities are shown in Fig. 3(d). The time-averaged
negative ion densities in the limits of high and low modulation frequency are equal and half of the
continuous plasma values for a 50 % duty cycle [12]. In the intermediate frequency range around
1 kHz the densities decrease strongly for the higher masses. The implications for powder
formation are discussed in Section IV.

B. Light scattering results

Figures 4(a) and (b) show the measured signals with the fitted points from the iteration
procedure superposed. Figure 4(c) shows the concomitant particle radius, number density and
refractive index. We can distinguish several stages of particle formation:

For the first 35 seconds after plasma ignition, no scattered signal is observable. The
particle precursors and nucleation centres are below the detection limit.

From 35 to 50 seconds, only the perpendicularly-polarised light is measurable,
corresponding to Rayleigh scattering - the particle radius is less than 15 nm. -~

From 50 to 80 seconds, the fitting procedure gives a reasonable fit to the raw data (see Fig.
4(a)) for which the corresponding {n, x, Np} values are shown in Fig. 4(c).

At least three different refractive index values are necessary to self-consistently describe the
whole particle evolution. An initial rapid increase in particle radius is accompanied by a strong
decrease in number density (50 to 53 s), and could be interpreted as an agglomeration of

invisibly-small particle precursors. These particles show a high refractive index [39]. A particle



growth period ensues with a moderate increase in radius at almost constant number density. This
general trend of an early agglomeration phase followed by slow particle growth reproduces the
observations of Bouchoule ez al [40], and the final number density is comparable to other work in
silane-containing plasmas [15,18].

As the particles grow further, the refractive index tends towards that of amorphous silicon
bulk material. At 76 s, there is an additional change where the radii increase strongly concurrently
with a fall in number density. The volume fraction of powder, defined as Np 4n r3/ 3, remains
approximately constant up to this time and so this appears to be a second phase of particle
aggregation. This is supported by Transmission Electron Microscopy which shows both single
smooth spheres and aggregates of spheres; the latter having the resemblance of a blackberry.
During this aggregation, the measured cross-polarisation intensity W1/ becomes non-negligible.
Assuming that multiple scattering can be neglected, this indicates that the particles are no longer
purely spherical [41]; the fit is less accurate in this region. Finally, the scattered intensities for
both polarisations fall sharply, coinciding with a rise in transmitted intensity and accompanied by
strong fluctuations in plasma light emission. This is due to instabilities of the plasma/powder
ensemble which eject powder from the observation volume.

Photoluminescence Measurements were carried out for the first time on particles suspended in the

plasma by illuminating with a 488 nm argon ion laser and monitoring the spectrum at 90° via a
530 nm high-pass filter and optical multichannel analyser [24] with an arrangement similar to Fig.
1. The visible photoluminescence in Figure 5 is suggested to originate from quantum confinement
effects in nano-crystallites [24] and as such is a probe for the particulate structure. The spectral
shift with time as shown in the figure reveals an evolution in the particle morphology during its

formation.

Light Scattering in Power-Modulated Plasmas

Figure 6 shows the powder onset rate (defined as the inverse of the powder appearance time) and
the volume of powder material in the horizontal layer at the position of the laser beam (estimated

from the product of volume fraction and layer volume), for different modulation frequencies.



Powder formation is strongly reduced for modulation frequencies below 1 kHz, in agreement
with other work [8,16-19].

The time development of ionic species and scattered light intensity are compared in Figure
7(a) for a square-wave power-modulated plasma (50 % duty cycle) at 2 kHz modulation
frequency. Both positive and negative ion fluxes vary on a slow timescale similar to the powder
appearance time of 16 s before reaching steady-state levels. Comparison with Fig. 7(b), for a 10
% duty cycle in otherwise identical plasma conditions, shows that the negative ion flux time
dependence is markedly different in the absence of powder formation although the positive ion
flux behaviour is relatively unchanged. Figure 8 represents the steady-state ion fluxes, the total
scattered intensity and the powder onset rate for a range of duty cycles at 2 kHz modulation
frequency. The negative ion loss flux is again anti-correlated with the scattered light intensity and

powder onset rate, all of which vary strongly compared to the positive ion flux.

IV. DISCUSSION

Particles large enough to be visible by light scattering form in the rf silane plasma only
after many seconds as shown in Figs. 4 and 7. This delay is much greater than the residence time
for positive ions or neutrals in the discharge region. Negative species could however remain
trapped by the plasma electric potential for this duration [9] and act as precursors for particle
growth.

Figures 3 and 6, using a simple model to interpret the experimental measurements,
demonstrate that the negative ion density in the plasma is correlated with the onset rate and
powder quantity above 1 kHz. Extrapolation to higher-mass negative ions in Figure 9 indicates
that the macro-molecular anion densities would fall to near zero for a wide range of modulation
frequencies below 1 kHz. This is because the plasma periods are then too short for the
polymerisation chain to propagate from monosilicon hydride anions to highly-polymerised
species before almost all of the low mass species are lost in the subsequent 'off’ periods.
Equilibrium between the diminished supply from preceding negative ions and the polymerisation
of the polysilicon hydride anion itself results in a strongly-diminished density of the highly-

polymerised anions (see Eq.(6) and Fig. 9). Above 1 kHz, the sheaths do not fully collapse and
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high-mass negative ions reach significant densities. At very low modulation frequencies [10], the
polymerisation in a single plasma period propagates sufficiently far (to clusters containing
perhaps 30 or 50 silicon atoms) to initiate particle growth. The onset rate in Figure 6 is a measure
of the growth rate from precursors to detectable particles and consequently is an indication of the
precursor density. Therefore the identification of negative ions as the precursors to particle
formation [12,42] is consistent with experimental observations of powder reduction in plasmas
modulated at kHz frequencies [8,10,12,16,17,19,42]. Similar considerations also account for the
observations in Fig. 8. We can now speculate the following stages of particle formation :

i) Dissociative electron attachment on silane creates the primary monosilicon hydride
anions. Subsequent anion chemical reactions with silane, radicals, or positive ions yield highly-
polymerised structured anionic clusters [12,42] which are singly-charged and are trapped in the
discharge by the rf electrode sheath potentials during continuous plasma operation. These anions
are the precursors to cluster formation and ultimately lead to particles (see Ref. 43).

ii) After a certain cluster size is attained [9,33,34], equilibration of electron and ion fluxes
to its surface results in a multiple electronic surface charge and a sheath forms around the particle.
This invisibly-small negatively charged nano-particle remains trapped in the plasma and continues
to grow by physico-chemical accretion of neutrals and/or positive ions across the particle sheath.

iii) The nano-particles undergo an agglomeration phase and become large enough to be
visible by light scattering (Fig. 4). Such processes are considered in the recent paper by Choi and
Kushner [43]. Probably because the resultant micro-particles are composites of structured nano-
particles, they exhibit properties different from the bulk material such as a high refractive index
[44,45] and visible photoluminescence [24] (see Figs. 4(c) and 5). Particles continue to develop
further by aggregation and processes analogous to film growth leading to particles with a-Si:-H
properties.

For plasma processing applications, restriction of the polymerisation to low mass anions
could conceivably suppress particulate contamination and improve deposition efficiency.
Alternatively to power modulation, this could perhaps be achieved by illuminating the plasma [32]

with photodetaching radiation.
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V. CONCLUSIONS

The genesis and growth of particles in rf silane plasmas has been investigated by a
combination of light scattering (for a self-consistent determination of particle size, number density
and refractive index) and ion mass spectrometry. Time-resolved measurements of negative ion
fluxes are interpreted in terms of a polymerisation scheme. Based on this, a simple model shows
that anion cluster densities are depressed for the kHz range of power modulation frequencies
corresponding to observed powder reduction. In addition, the observations that negative ions
reach high masses and are the only species with a residence time on the scale of the powder
growth time combine to show that negative ions are the precursors to particulate formation. Light
scattering diagnostics demonstrate that particle evolution proceeds by an agglomeration phase and
that the particles exhibit properties different from the bulk material, such as a high refractive index

and visible photoluminescence.
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FIGURE CAPTIONS

FIG. 1 Schematic plan view of the diagnostic arrangement in the plane of a powder layer
suspended in the plasma above the bottom electrode. The light source is a 10 mW He-Ne laser.

FIG. 2 Time-resolved fluxes for mono- to hexa-silicon hydride molecular anion groups
measured at 1 kHz power modulation frequency. Time is referenced to the beginning of a plasma
period and the afterglow is from 500 to 1000 ps. The heavy line represents the following plasma
duration. For each data point, the negative ions were counted with a 5 us time window over
10’000 modulation cycles. Pure silane at 0.1 mbar and 4 W average power (60 mWem-2 during
the plasma period) at 30 MHz excitation frequency, electrode temperature 150 °C.

FIG. 3 Dependence of (a) positive and (b) negative ion signals on modulation frequency. Each
data point is averaged over 300 cycles. The negative ion intensities are divided by the modulation
frequency to give the loss counts per cycle. The plasma parameters are as in Fig. 2. The
calculated frequency dependence of (c) the anion loss flux is shown for comparison, along with
(d) the estimated anion densities in the plasma.

FIG. 4 Results from light scattering measurements during powder development in a cw plasma:
(a) the solid lines are the measured scattered intensities (corrected for extinction) and the symbols
represent the self-consistent fitted data; (b) the measured transmitted power fraction W/ Wy and
polarisation degree P; (c) the deduced particle radii, number density and refractive index values at
632.8 nm. Pure silane at 0.1 mbar and 30MHz with 5 W c¢w power and 100 °C electrode

temperature.

FIG. 5 Photoluminescence spectra from particles suspended in a pure silane plasma for
different times during powder development after plasma ignition. Incident light at 488 nm
wavelength. The spectra are corrected for the spectral response of the detection system and for the
background plasma emission. Pure silane at 0.1 mbar, 20 kHz modulation at 5 W average rf
power (30MHz) and 20 °C temperature.

FIG. 6 The powder onset rate and volume of powder material suspended in the plasma as a
function of square-wave power modulation frequency, compared with values in the continuous
(CW) plasma. The powder material volume is estimated from (Np 4% 13/ 3) x (powder layer
volume). Pure silane at 0.1 mbar, 4 W average power at 30MHz and 100 °C.

FIG. 7 Simultaneous measurements of ion fluxes and powder development at 2 kHz

modulation frequency for (a) 50 % duty cycle, and (b) 10 % duty cycle. No powder is visible for
the 10 % duty cycle. Plasma parameters as for Fig. 6.
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FIG. 8 Powder onset rate, steady-state scattered intensity and ion fluxes for different duty
cycles at 2 kHz modulation frequency. Pure silane at 0.1 mbar, 4 W average power at 30MHz
and 80 °C.

FIG. 9 Estimation of time-averaged anion densities, as a function of modulation frequency,
extrapolated to anions containing 25 silicon atoms (polymerisation rates assumed independent of
size for anions of 6 or more silicon atoms). Insets show the time-varying density during a
modulation cycle for three frequencies : at 100 Hz, the polymerisation chain has insufficient time
to propagate to the highest masses; at 1kHz, the elementary anions are lost before significant
polymerisation can occur; at 20 kHz, all anions are trapped and reach high densities. -

17



Mmass L
spectrometer [Ei:r

extractor head

bottom

//
!
1

electrode

silicon He—-Ne
photodiode laser
(W, /W) |\ / A (632.8nm)
[ 4|
//’ diaphragm polariser
neutral
?Te]rjtselrtv photomultiplier
L /!
<v/8,\vs
polariser
- interference
| = filter
collection
ES7(6328nm

lens

opUchiiﬁﬁjj BW 1 1nm)

Fig. 1



ion counts

104

T T TTTT7T

103

T

\
N

ple 0 Lo Mty Ly

D
\u'
[ |

e ataa e
%

$)
II|1|I||lIl

@

[ A |

Si atoms
per anion

500 600 700 800 900 100011001200

time (us)

Fig. 2



Si atoms
per ion

R

. 1
___e_....z

Trrrr v T T7rTrrr 1771 T

ions

positive

T

—~

«©

N

T T TT777]

[0 O T | 1 0 0 T T T | IS

negative |

T T 77 T T T T T ¥

J ol L

T 1 ¢ il

Il
T

ot Tl
Tt t il

4
!

[
LU
o rad
T T Ty

b
i
i
)

T 11117

| I B | 1 | S 0 O | i

R SRR RS

negative |
ion model

Trrrr 111 T LA T

| I I

T 1T 00T

1
T

1o+ 1N !

oot 1
T LR SRR RN

T

oyl

T T

Peka1 ) 1t 1 TN T O B 1

ion model |

negative

Lo vy paal 1 Lottt 1 NN

Loyl

.
.

Y] <
o

~— ~

S/SIUN0D

106

) <
o o

-~ +~—

(¢0 LX) B]9A0 Jad sjunod

103

L <
o

-

(‘n'e) 910Ao 1ad sso|

103

(‘n-e) Ausuap

104

100

10

modulation frequency (kHz)

0.1

3

Fig.



o
-

(w

o) Aususp Jaqunu

© ~
(@ o o (@)
I T I I I T I _________H_—_____:______::_______:.
o
+
B 1 v -
RN
Y
5 A
N
o
| + 3 ]
I <y
- A
L ——
1 @ -
i o
+
10
0
| N .. O B
x
)
ke
<
o
— J .IVI —
1 o
A —~41 ® —
, 21 o
I | ____________~_mx.____._.____.________
< ™ a\ - o - 10 o 0 o o o o o o
o o o 0 {o) <t QV
u 1 T
(‘n'e) siamod palayeods o>>\>> puB ( (wu) snipes 8jo1ed

40 50 60 70 80 90
time (s)

30

Fig. 4



]
0 Q
o o

(‘n'e) Ausuaul

9ouaosauIWN|

600 650 700 750 800 850
wavelength (nm)

550

Fig. 5



(nm°)
o.
w

-
N

—
o

e
Py

powder volume
(&)

10

14

(s

o
powder onset rate

1l ] s ta 11l

0.1 1 IR 100
modulation frequency (kHz)

e ()

Fig. 6



ion signal (counts/s)
s 3 & o 3

-t
o
(&)

ion signals (counts/s)
(-

—e— SiH" —— SizH‘ —o— SiHn+ —a— 3‘12H+

n n n
I T T T T 7 T } 6

(a) :
14
l 2

A

+ J} I| B 0

4 10

total scattered intensity (a.u.)




—
o
[4)]

ion signals (counts/s)
= =

-
(@)
N

| S

7N

totalé
scattered A
intensity |

duty cycle (%)

Fig. 8

[ —QﬂSiH; !

_—'—._'SI H \ |

: 2 powder 3

——e—SiH: onset rate ]

- = Si HT :
12 ln 1 | I ! L { L | ) : f

0 20 40 60 80 10

- _
(@) o
— N

—
o
(=)

b
oI

102

0

—
-
4]
S’
’-\>‘
=
)
L c
9
L c
o
_:'o
o 2
29
O ™
e O
Q
T _
s S
a 9



T

S 5108 20 kHz |
s
= 4
‘B
c
% 1105 O O O O O—
c ]
O
2 i
©

0.5 0 25 50

time (ms) time (us)

—~ 1105 il
3 i
4y} '
> \ ,
-+ ]
= ! N )
S : :Sl atoms ]
-O ] . B

5 104 | ‘per anion]
= : | —6— 10 |
— 1 ]
G>.) : I———I——15 E
O ) ' ]
ClD . :-—-——D—-—ZO i
= ! —e— 25 |
-+ O N 1 -

0.1 1 10 100

modulation frequency (kHz)

Fig. 9



