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Abstract. Micro-particle formation in low pressure silane (SiHy) plasmas has been
of technical interest and concern for at least 40 years. Negative ion plasma chemistry
is a candidate for the initial nucleation, which has been extensively studied both
experimentally and theoretically. Nevertheless, the nature and mechanisms of anion-
neutral reactions remain uncertain in models of nucleation.

In the pure silane, 0.1 mbar plasma of this work, silicon hydride anion mass spectra
are interpreted in terms of iterative anion-silane reactions, involving release of one, or
two, hydrogen molecules. Such ”"multiple dehydrogenation” has been directly observed
by Operti, Rabezzana and Vaglio [Rapid Commun. Mass Spectrom. 20, 2696 (2006)],
where triple dehydrogenation also occurred.

A statistical model, defined uniquely by a branching ratio of 68% for single
hydrogenation, and 32% for double dehydrogenation, gives an accurate fit to the
hydrogen distribution for all heavy silicon hydride anions (abbreviated here by
”silanions”), up to at least 800 atomic mass units.

Most theoretical models of silanion-neutral nucleation consider dehydrogenation
where no more than one Hy molecule is released. It is suggested that multiple
dehydrogenation could improve the comparison of theory with experiments.

1 Retired. Present address: Av. William 46, CH-1095 Lutry, Switzerland
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1. Introduction

Negatively-charged silicon hydride molecules are of industrial interest regarding micro-
particle formation in silane (SiH4) plasma-enhanced deposition of silicon [1] for
large-area electronics (thin-film photovoltaic solar cells, thin-film transistors for flat
displays, etc), as well as in nano-particle synthesis [2], astrophysics and fundamental
studies. These anionic clusters, Si,H

m?

are confined inside RF plasmas by the sheath
potentials, and hence have the possibility to become the pathway for polymerisation
over many seconds during high collision rates at plasma processing pressures (~ 0.1
mbar, for example) [3]. The growth mechanisms, and the effect on the plasma
of negative ions [4] and particles, have been extensively modelled by many authors
1, 5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24], and continue
to be a topical subject. Indeed, low-pressure silane-containing plasmas in which silicon
nanoparticles nucleate and grow are probably the most studied, both experimentally
and numerically, in terms of particle formation in non-thermal plasmas [1].

However, the experimental measurements of Si, H  in plasma processing conditions
were reported by only two groups in the 1980’s [5] and 1990’s [25, 26, 27, 28, 29, 30, 31,
32, 33], and many questions still remain before uncertainties can be removed for reliable
modeling [1]. Fortunately, fundamental studies of negative gas-phase ion chemistry in
silane have subsequently been performed independently by other groups, using very
different techniques [34, 35, 36]. These important results are reviewed and applied to
silicon hydride anion measurements in the present work.

We propose the term ”silanion”§ [29, 35] as a shorthand contraction of ”silane” and
"anion” to mean a silicon hydride negative ion, Si,H . This is in a similar sense to the
1933 proposition of ”carbanion” as a negatively-charged carbon molecular ion [38]. For
the silanions Si,H, , we use n for the number of Si atoms, and m for the number of H
atoms, throughout.

In this work, we first describe the experimental conditions used to measure the
silanion mass spectrum in Sec. 2, with a consideration of the silanion dynamics in the
optimized time intervals of plasma power modulation. Other more recent techniques for
measuring silanions are reviewed in Sec. 3. The extraction dynamics of silanions are
compared, in Sec. 4, with three other electronegative gas plasmas to confirm that the
silanions do originate within the plasma period, and not from the afterglow, nor from
surface reactions.

In Sec. 5, the measured mass spectrum of small silanions (n < 6) is deconvolved by
the silicon isotope distribution to identify the main dehydrogenation reactions and to
compare with experiments and ab initio calculations in the literature. Conversely, in Sec.
6, the heavier silanions are first modeled by a binomial distribution of dehydrogenation
reactions, before convolution with the silicon isotopes, in order to compare with the
measured mass spectrum in Sec. 7. The principal result in the Conclusions is that
multiple dehydrogenation reactions, as directly observed by Operti et al [35], can

§ No relation to ”Silanion”, a Greek sculptor in the fourth century BC [37].
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accurately account for the measured mass spectrum up to at least 800 amu. This
suggests that silanion-neutral nucleation models could be improved by including multiple
deydrogenation reactions.

2. Experimental description and the measured mass spectrum

2.1. Reactor set-up and the mass spectrometer
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Figure 1. (a) RF plasma reactor (not to scale) with cylindrical electrodes 13 cm
diameter, 2.5 cm apart, showing the mass spectrometer to the side. (b) Schematic of
the Plasma Process Monitor PPM421 spectrometer, showing the extractor electrode
(45 V) with a 0.1 mm diameter orifice, the cylindrical mirror energy analyser (CMA),
the quadrupole mass analyser (QMA cut view), and the secondary electron multiplier
(SEM) detector.

The experimental apparatus shown in Fig. 1 is a parallel plate capacitively-coupled
reactor comprising two stainless steel cylindrical electrodes 13 ¢m in diameter with a
2.5 cm electrode gap; the ground electrode was heated to 200 °C (for more details, see
[27]). The plasma parameters used here were pure silane at pressure 0.1 mbar with 30
scem flow, and RF power (~ 0.03 W cm™3) at an excitation frequency of 13.56 MHz,
which was ON/OFF modulated at kHz frequency (see Sec. 2.3) to enable measurements
of the negative ions during the afterglow [27].

A Pfeiffer Vacuum Plasma Process Monitor type PPM421, comprising a double-
focussing cylindrical mirror energy analyser (CMA) [39] and quadrupole mass analyser
(QMA), was used to detect neutral radicals and ions (positive and negative) with a
mass range up to 2000 amu. Time-resolved ion flux measurements were made using an
EG&G Ortec multichannel scalar. The probe head, with 0.1 mm diameter extractor
orifice, was positioned adjacent to the electrode gap at approximately 10 mm from the
plasma visual boundary with a +5 V bias on the extractor electrode facing the plasma
(Fig. 1). Energy-resolved measurements were not required in this work, so the anion
transmission energy was set with low resolution at ~ 3 £ 1 eV. The question of non-
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perturbative anionic cluster sampling was addressed in Ref. [29]. Negative ions are
trapped in continuous plasmas by the sheath potential drop at the walls. In this work,
ON/OFF power pulsing was used to collapse the sheaths so that negative ions were
released to drift and diffuse to the plasma monitor, as described in Sec. 2.3 and Sec. 4.

Experimental difficulties include spurious charging of films deposited on electrode
surfaces and eventual clogging of the extractor 0.1 mm diameter pinhole [40]. This
necessitated demounting of the spectrometer head for cleaning in acid after a few tens
of minutes of exposure to silane plasma, which could explain the limited number of
groups reporting results in silane plasmas.

2.2. Measured mass spectrum
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Figure 2. Mass spectrum raw data, for 1 to 800 atomic mass units (amu), of silanions
from a modulated RF plasma with 30 sccm flow of pure silane at 0.1 mbar pressure.
The RF power (0.03 W cm~2), at an excitation frequency of 13.56 MHz, was ON/OFF
modulated with ¢,, = 110 us and t,g = 300 ps. The ordinate units are in counts per
second. The mass range 0 - 200 amu is shown in more detail in Fig. 9, and the group
SijgH,, is detailed in Fig. 13. The points joined by the black line represent the model
mass spectrum calculated in Sec. 6.

Fig. 2 shows a single mass spectrum acquisition up to 800 amu, with mass resolution
better than 1 amu over the whole mass range, 16 datapoints per amu, and a signal
dynamic range from 32 counts per second (c/s) up to 2.7 x 105 ¢/s. Using these plasma
parameters, the power modulation times ¢,, = 110 us and t,g = 300 us, were empirically
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"tuned” for optimal anion generation, de-trapping, and drift/diffusion, to obtain the
maximum anion signal and mass for this particular set-up, as described in Sec. 2.3. The
spectrum is rich in silanions, with every intermediate mass represented in all clusters:
There are no forbidden masses, so every corresponding neutral must have an electron
affinity greater than zero. The continuous black lines in the figure represent a reaction
sequence model which is explained in Sec. 6.

As a preliminary analysis of this mass spectrum, Fig. 3 shows the mass of the
peak of each Si,H~

-, anion cluster as a function of its number of Si atoms, n, starting

from n = 7. The result is a remarkably straight line through the origin of gradient
29.47240.01 amu. Stable silicon isotopes consist of masses 28 amu (fractional abundance
0.9221), 29 amu (0.0470), and 30 amu (0.0309), having an average mass 28.109 amu. We
deduce that the peak clusters contain 1.363(4+0.01)n H atoms, i.e. 1.363 H atoms per
Si atom for every cluster that has a well-defined maximum (n > 7)|. These statistics
are used to construct a reaction sequence model in Sec. 6, where the constancy of the
gradient is tentatively explained in terms of localized growth reactions in Sec. 7.1.
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Figure 3. Straight line fit to the mass values (amu) of the peak abundances for each

of the silanions Si, H_, as a function of the number of silicon atoms for n > 7.

m?

2.8. Time-resolved fluxes of silanions

The power ON/OFF modulation times t,, = 110 us and t,g = 300 pus were empirically
chosen to give the experimentally-observed highest mass range and count-rates for the
silanion mass spectrum. A reason for these time values can be found in the time-
resolved fluxes shown in Fig. 4, where the mass resolution was degraded to obtain
higher count-rates for each nth Si,H group. The time axis of each flux was corrected

|| The difference between the exact mass and the nearest integer mass is ~ —0.023 amu for silicon
isotopes, and ~ +0.008 amu for hydrogen isotopes. For a silanion of type Si,Hj 343,,, the combined
difference is ~ —0.01n amu. Hence for n < 27 in Fig. 2, this mass difference is < —0.3 amu in a total
mass of 800 amu. Therefore, integer masses are used in this work.
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Figure 4. Negative ion fluxes as a function of time in silane plasma for the same
conditions as Fig. 2 (ton, = 110 us and tog = 300 ups). Top: Mono-, di-, and tri-
silanions (n = 1,2, 3 silicon atoms); middle: n = 4,5,6; bottom: n = 10,20,30. The
top two graphs have a linear scale for the counts per second (c/s), the bottom scale
is logarithmic. Red lines mark the plasma ON period. The time axis is corrected for
time-of-flight through the mass spectrometer.

for its transit time through the spectrometer by synchronising the abrupt fall-off of each
flux with the onset of the plasma. When the RF power was switched off, following a
delay for the sheath to collapse, the silanion fluxes began to be observed (this delay
is discussed further in Sec. 4). The mono-silanion group SiH_ rises steeply and then
decays during the afterglow before the next power ON period, when the remainder
are trapped again within the plasma by the sheath potential. The di-silanions SioH
rapidly reach a plateau before being trapped. The tri-silanions SigH_ drift/diffuse more
slowly but still reach a plateau during the afterglow. In successively heavier groups,
n =4,5,6, 10, 20, 30, the signals rise more and more slowly, without reaching a plateau.
Then the empirical optimisation of the ON and OFF periods can be qualitatively
explained as follows:

(i) The afterglow of 300 us is long enough for the heavy silanions to drift/diffuse to
the spectrometer after the sheath collapse delay, but not so long that the smallest
anions are completely emptied.

(ii) The plasma duration of 110 us is sufficiently long to replenish the anions lost during
the afterglow, but not so long that silicon particles begin to form and accumulate
[31].

(iii) The overall period of 410 us is short enough to give a high repetition frequency of
2.44 kHz, providing a high average count rate.
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3. Review of techniques for silanion measurements

Howling and Hollenstein et al used two types of energy-resolved quadrupole mass
spectrometers to measure silanions during the 1990’s: A Hiden Analytical Limited
Plasma Monitor HAL-EQP500 45-degree-sector electrostatic energy analyser [25, 26,
27, 28, 29, 30, 31, 33], and a Pfeiffer Vacuum, Balzers Plasma Process Monitor PPM421
described above [29, 31, 32, 33]. The technique of power-modulated plasma and positive
extractor voltage was used in both casesY. Hence, it is crucial to compare these silanion
measurements with other independent sources. In this section, we compile results from
subsequent experiments during the last 20 years.

In this context, Negative gas-phase ion chemistry of silane: a quadrupole ion
trap study by Operti et al in 2006 is of capital importance [35]. The results were
obtained using a very different method of ion trap mass spectrometry (ITMS), which
does not involve extraction from a power-modulated plasma. Silanion-neutral chemical
ionisation reactions readily occurred at a relatively high pressure for a resonant ion trap,
~ 1.2 x 10~* mbar, although still only 0.12% of the silane pressure in the present work.
Furthermore, the ion trap can isolate individual silanions to measure their reactions
with silane, in contrast to the overall cumulative mass spectrum observed in the present
pulsed-plasma experiments. Since the ionisation event may provide the reactant silanion
with excess energy, helium buffer gas was used with the aim of quenching excited states
to investigate intrinsic (ground state) reactivity with silane [41]. It was observed that
the most frequent silanion-silane condensation steps are followed by single and double
dehydrogenation; even triple dehydrogenation was observed. Further reference to these
results is made from Sec. 5 onwards. Such quantitative data are necessary to remove
the considerable uncertainties for silanion nucleation modelling [1].

Similarly to silane plasmas, germane (GeH,) plasma negative ions are also quite
efficient in the formation and growth of clusters by extensive anion-neutral condensation
reactions involving multiple dehydrogenation [35, 42]. The loss of two Hy molecules is
easier for anion reactions than for positive ions. Large anionic clusters are formed
as the pressure increases using a triple quadrupole mass spectrometer from 25 to 450
mTorr [43]. Negative ions in fact display a higher number of reaction pathways than the
corresponding positive ion species [42]. Note also that silanions react efficiently with
diborane, more so than positive ions, whereas diborane anions are unreactive toward
silane in ITMS experiments [44].

€ A remaining question is the apparent attachment to neutral clusters immediately after power off,
especially for lower-mass clusters, observed only by the Hiden mass spectrometer [27]. This could be for
three possible reasons: 1) The Hiden measurements were made directly across the RF sheath, whereas
the Balzers measurements were made off to the side of the plasma; 2) the Hiden high-voltage (+50 V)
extractor electrode was situated behind a 5 mm diameter grounded orifice, with a 1 mm gap between
them, whereas the Balzers low-voltage (+5 V) extractor electrode was directly exposed to the plasma,;
and 3) The Hiden time-resolved signals were measured step-by-step on an oscilloscope, whereas the
Balzers spectrometer was connected to a multichannel scalar. Furthermore, the pulse period and duty
factor were different.
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Haaland [45] employed Fourier transform ion cyclotron resonance (FTICR) mass
spectrometry to measure dissociative electron attachment of silane. This ultra-low
pressure (< 107% mbar) technique monitors single collision events, which represent the
lowest limit for possible anion reaction types and rates [29]. Reents [34] adapted FTICR
mass spectrometry for higher pressures up to 5 x 10~ torr by using gas pulsing, and
found that negative ion formation efficiency in silane was greatly increased. In general,
the production of negative ions is greatly enhanced at higher gas pressures [35, 46],
possibly because the exothermicity of the reactions has to be removed by collisions
before the product anion redissociates [47]. Note also that silanions are electrostatically
trapped in plasmas which greatly increases their reaction time compared to neutrals
and positive ions [3, 5, 10, 27].

Peppernick et al [36] produced heavy silanions Si,H , n = 8—12,0 < m < 25 using
pulsed silane gas flow over a laser-induced transition metal plasma; the silanions were
detected by time-of-flight mass spectrometry up to mass 361 amu. This technique, again
very different from pulsed RF plasmas, clearly shows series of silanion dehydrogenation
reactions which contribute to nucleation processes and micro-particle formation.

Mizutani et al [48] extracted negative ions from a continuous etching plasma
by combining a high voltage (80 V) extractor electrode and electrostatic lens with a
permanent magnet filter. Finally, pure silicon clusters formed by magnetron sputtering
formed more anions than cations, and the range from Si; up to Sijy,, were measured
using UV photoelectron spectroscopy in a time-of-flight mass spectrometer [49].

Some of these experimental results are compared with the mass spectrum analysis
in Sec. 5, along with ab initio calculations from the literature.

4. Extraction dynamics and the origin of anions

Because pulsed-power plasmas are used here to measure anions, it is crucial to
understand the origin of the silanions in Fig. 2 and how they are formed. For example,
they cannot be implicated in silanion-neutral nucleation and particle formation if they
are artefacts of the diagnostic technique. Specifically, is it correct to assume that the
measured silanions are representative of anions accumulated in a continuous silane
plasma, or, on the other hand, are they created by attachment in the afterglow, or
by surface interactions?

Using the same experimental set-up, the dynamics of pulsed plasmas in three other
electronegative gases were used to provide characteristic examples of the three anion
origins above, namely [50, 51]:

(i) CF4 plasma in Fig. 5(a): Volume production of CF, and F~ anions [52] occurs
by resonant dissociative attachment by high energy electrons during the plasma.
Following sheath collapse after a delay of 0.12 ms in the afterglow [53, 54], these
anions are lost by drift-diffusion to electrode surfaces and the extractor electrode.

(ii) SFg plasmain Fig. 5(b): Cold electrons, which are formed instantly in the afterglow,
attach very efficiently to SFg to form SFg by s-capture [55]. The sheath collapses
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Figure 5. Positive and negative ion fluxes as a function of time in a) CF4, b) SFg, ¢)
O3, in square-wave modulated plasmas

immediately (much sooner than 0.12 ms), therefore anions can reach the walls and
the extractor electrode at the very beginning of the afterglow.

(iii) Og plasma in Fig. 5(c): A small flux of negative ions is measured during
the discharge, but no negative ions are observed during the afterglow because
detachment reactions of O~ by Os(a'A,) metastables are very effective. The
negative ions observed during the discharge must result from indirect formation
at surfaces and the mass spectrometer orifice [50, 56].
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Figure 6. Negative ion fluxes from square-wave ON/OFF modulated plasmas in SFg,
CF4 [50] and SiHy [25] (arbitrary intensities, log scale).

The time delay for sheath collapse explains the different dependence of the negative
ion fluxes with the modulation frequency in Fig. 6. The delay for CF, plasma results in a
cut-off frequency at 4 kHz. At higher frequencies, the modulation period is shorter than
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the sheath collapse time, and therefore negative ions can no longer escape the plasma.
In SFg plasma, the sheath collapse is so fast that negative ions can be measured up to
100 kHz. The similarities between CF, and SiH4 plasmas in Figs. 4, 5 and 6 show,
in conclusion, that silanions are formed in the plasma, as in CF, plasma, and not in
the afterglow. Therefore, silanions are indeed candidates for anion-neutral nucleation
in particle formation of silane plasmas.

These three characteristic behaviours can be explained by reference to their different
electron attachment cross-sections, shown in Fig. 7, along with the ionisation cross-
sections which are quite similar for the three gases [50, 51, 57, 58, 59, 60| and silane
61, 62, 63]. SF¢ differs from O,, CF4 and SiH, by its much larger attachment cross-
section, in particular for very low energy electrons which are dominant by far in the
plasma. Negative ions in CF4 and SiH, are formed only by resonant dissociative electron
attachment at electron energies only slightly less than for their ionisation. Just as
ionisation occurs only during the plasma, and not during the afterglow, then silanion
formation can only occur during the plasma, and not by attachment by cold electrons
characteristic of the afterglow [20, 64]. Attachment to polysilanes was also observed to
be by resonant dissociative electron attachment [33]. Note that electron affinity increases
with the size of silicon clusters as they tend towards the affinity of bulk silicon [7, 21].

Notwithstanding other experimental demonstrations of silanion reactions [35, 36],
it would be instructive to measure silanions during continuous plasma by direct
observation. For example, in situ spectroscopic identification of negative ions could
be used, such as cavity ring-down spectroscopy of F~ in CF4 plasma [52], although
absorption methods can be hampered by light scattering from particles formed in silane
plasmas [65].

[any
o
N

SF6 attachment

SF6 ionisation

7]

—— SiH4 ionisation

g 10° CF, diss. att.
2. - -CF4 ionisation
a ............. 0, 2-body att.
p Lo
g 102 ------------- O2 ionisation
8 ——— SiH4 diss.att.
@
[}
17}
o
5}

-
o
-

A

101 10° 10t 102
electron energy [eV]

Figure 7. Ionisation and attachment cross-sections for SFg, CFy, Os, and SiH, gases.
The attachment cross-sections for CFy4 and O9 are almost overlapping in the figure.
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5. Anion reaction chemistry for small silanions (n < 6)

Having confirmed that silanions are formed within the plasma, we can now consider how

the wide range of anion clusters are formed.
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Figure 8. The ratio of hydrogen content to number of Si atoms, [H]:[Si], in each nth
silanion. Red circles: Series Si,H,,, ;. Red dashed line: Single dehydrogenation for
odd masses. Blue squares: Series Si, H~. Blue dash-dot line: Double dehydrogenation
for odd masses. Black diamonds: Series Si,Hj 344,,- Full symbols indicate dominant
abundance; open symbols indicate prominent abundance.

The small-molecule anions are strongly influenced by their electronic configuration.
Fig. 2, resumed in Fig. 8, shows that Si, H;, ,; are dominant for n = 1—4, and prominent
for n &= 5 — 7. These are iso-electronic with their corresponding neutral saturated linear
molecules, the polysilanes Si, Hy, 12, which are analogues of the linear (or normal) alkanes
CpHa,yo. For example, SisH-, at mass 91 amu features very strongly, mimicking the
saturated neutral polysilane SigHg, which has almost zero electron affinity [66], as could
be expected for a saturated molecule. These polysilanes are binary silicon-hydrogen
compounds which have only Si-H and Si-Si single bonds. The simplest isomer of a
polysilane is (SiHs),, in which the silicon atoms are arranged in a single chain backbone
with no Si branches. However the chain of silicon atoms may also be branched at one
or more points, and the number of possible isomers increases rapidly with the number
of silicon atoms, analogous to the alkanes.

5.1. Isomers, isotopologues, equal-mass silanions, and deconvolution

What is surprising at first sight is that, despite its very small electron affinity, SizHg
itself appears to form a significant flux of SigHg (mass 92 amu) in Fig. 2. In fact, all
of the silanions Si,H; with mass greater than Si,Hs, , i.e. heavier than 30n 4 1 amu,
are due to higher-mass silicon isotopes. For given n and m values, all Si,H,, anions are
(structural) isomers; they have the same chemical composition although their structures

* This error was made in Ref. [25] by postulating silanions up to Si,Hj,, 5.
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can be different. They also contain a random distribution of the three stable isotopes of
silicon [36]. Isomers that differ only in their isotopic composition are called isotopologues
and their masses are different. The nature of quadrupole mass analysers means that all
silanions with the same mass:charge ratio will contribute to the counts per second at
the same number of amu (only single electron attachment is expected). Hence it is not
possible to distinguish between, for example, 2Si,H; , 2Si??SiH; , 28Si3SiH; , 2Si,Hy,
29Gi39SiH~, or 3°Siy, which all have the same 60 amu mass in the spectrum.

The isotope natural abundance can be deconvolved from the mass spectrum [36]
to some limited extent (see Appendix A and Appendix B). This is shown explicitly
in Fig. 9 for the smallest anions n = 1 — 6, by deconvolving the isotope ratios from
the measured spectrum. Small residuals due to experimental imprecision have been
neglected in Fig. 9(c). Therefore, for these small silanions, the largest are indeed
SinHj, 1. This concurs with Peppernick et al for Si,H;,, n = 8 — 12 [36]. Now that the
silanions are identified unambiguously in Fig. 9(c) by thelr single majority isotopologue
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Figure 9. (a) Raw data for 0 - 200 amu, from Fig. 2. The mass numbers of some
peaks are marked for reference. (b) Discretized abundance mass spectrum for the first
six complete silanion clusters, by integrating the signal in (a) over the profile for each
amu (renormalized to the same ordinate limits). (¢) Deconvolution of the abundance
mass spectrum in (b), thereby replacing the isotope abundances {28Si,29Si,3°Si}, by
28Gi alone.
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5.2. Single dehydrogenation

The simplest growth mechanism for a series of 5i,H,, . silanions would be to assume
sequential reactions with silane, liberating a single Hy [33, 35]:

Single dehydrogenation series  Si,Hy, 1 +SiHy — Sinp1Hy ()4 +Ha (1)

Note that single deydrogenation, following a reaction with SiH4, has the net effect of
adding one Si atom and two H atoms to the silanion. Previously only a tentative
assumption [33], this reaction can now be stated with confidence, based on the
observations by Operti et al [35]. For a given n, these are the heaviest possible
silanions, as discussed above and shown in Fig. 9(c), because the heaviest possible
neutral Si, Hy, 12 has zero electron affinity [66]. These single dehydrogenation reactions
are generally included in theoretical silanion-anion nucleation models [1, 5, 6, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 19, 20, 21, 22, 23, 24].

5.3. Double dehydrogenation

Another prominent series in Figs. 2, 8 and 9 are the silicon mono-hydrides Si,H™; these
anions are intense for n = 4—6, and SisH™ is especially abundant [5, 35]. Measurements
and ab initio calculations of Si,H™ (n = 2 —4) by Xu et al [67] find that Si;H™ and
SigH™ are non-classical H-bridged structures, whereas SiJH™ has the traditional Si-H
single bond, as expected for H bonding to silicon surfaces. It is suggested that Siy;H™
represents the transition between bridged and single Si-H bonds [67], which could be
supported by the qualitative difference between the smallest mono-hydrides and the
particularly intense series n = 4 — 6 in Fig. 2. Calculations by Yang et al [68] confirm
and explain the Si-H structure for Si,H™ (n =4 — 10). Apart from one single H atom,
Si,H™ anions are pure silicon clusters, so the double dehydrogenation series may play a
role in the generation of quasi-crystalline particles [69] in diluted silane as reported by
Roca i Cabarrocas et al [70, 71]. These low mass anions contribute strongly to the early
cluster distributions, thereby distorting the purely-statistical distribution in Fig. 2 until
n ~ 13. Although silicon appears directly below carbon in the periodic table, there are
substantial differences in the structure of pure silicon and carbon clusters of comparable
size. Silicon clusters exhibit compact, three-dimensional structures in contrast to small
carbon clusters, which form linear chains and rings. This difference is attributed to
the much weaker p bonding in silicon clusters, thereby favoring structures with a large
number of single bonds [72].

The simplest growth mechanism for a series of Si, H™ would be to assume sequential
silane reactions, liberating two Hy [33]:

Double dehydrogenation series  Si, H™ + SiH4 — Si,,;1H™ + 2H,. (2)

Note that double deydrogenation, following a reaction with SiH,, has the net effect of
adding one Si atom (but no H atoms) to the silanion. Operti et al [35] confirmed that the
most frequent silanion-silane condensation steps are indeed followed by single or double
dehydrogenation, the latter resulting in abundant Si,H™ (n = 2 — 5) as in reaction
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(2). These results are in good agreement with the present work. In their particular
conditions, even triple dehydrogenation could be observed [35]. However, a chemical
kinetics network [23, 24] model of multiple dehydrogenation would rather expect (2) to
involve successive steps, not a single elementary step; this is discussed further in Sec. 7.
Note that 28Si,,H™ are the lightest possible silanions having an odd mass number.

Hence the mass range for the odd-mass-number silanions goes from 28Si,, H™, mass
(28n + 1) amu, up to ?®Si,Hy, ., mass (30n + 1) amu. The lowest mass results from
a series of purely double dehydrogenation reactions, and the highest mass results from
a series of purely single dehydrogenation. Intermediate odd-mass silanions result from
combinations of these two reaction series. The even-mass-number series is discussed in
Sec. 6.5.

6. Anion reaction chemistry for large silanions (n > 13)

The regular spectrum for large-n anions in Fig. 2 suggests that cluster growth also
occurs via successive silanion reactions with monomers. Operti et al [35] show that
these monomers are likely to be SiH,, which, in any case, are much more numerous than
the radicals SiH(_3 in these RF plasmas. In contrast to the specific chemical influences
on small molecular silanions, the broad featureless distribution of hydrogen in large
silanions, n > 13, is indicative of purely statistical growth reactions.

6.1. Dehydrogenation branching ratio, f.

From Figs. 2 and 3, the dominant abundance within large clusters is for Si,Hj s43,,, with
a statistical distribution of H-content around this maximum. From Fig. 8, this relative
number of H atoms, [H|:[Si], is clearly between the nearly-pure silicon series (double
dehydrogenation) Si,H™, and the saturated silanion series (single dehydrogenation)
Sip,Hj, 15 le. 1 < 1.363n < 2n + 1, for all n > 1. Following the dehydrogenation
reactions demonstrated by Operti et al [35] and described in Sec. 5, it therefore seems
reasonable that the large silanions grow via a random sequential miz of single and double
dehydrogenation reactions.

We therefore introduce f as the branching ratio for single Hy dehydrogenation, and
(1— f) as the branching ratio for double Hy dehydrogenation [33]. Other reactions, such
as elimination of single H atoms, or triple dehydrogenation, are arbitrarily excluded here,
on energy grounds [35]. After n successive reactions with SiH, molecules, a silanion
will grow by n Si-atoms; also, 4n H-atoms will be added, minus 2nf eliminated by
single dehydrogenation, and 4n(1 — f) eliminated by double dehydrogenation. Hence,
on average, the final silanion contains 4n — 2nf — 4n(1 — f) = 2nf H-atoms, giving
Si,Hs,; (equivalently, because double dehydrogenation adds no H-atoms, the only H
contribution comes from the nf reactions which each add two H atoms). Equating this
with the experimentally-observed most probable silanion, gives Si,Hyp, = Si,Hj 3630,
hence f = 0.68. The constant branching ratio f for all clusters is a consequence of the
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measured constant gradient in Fig. 3; a possible reason for this is discussed in Sec. 7.1.

To summarize, single deydrogenation (68%) is approximately twice as likely as
double dehydrogenation (32%) during silanion growth in these plasma conditions.
Different plasma conditions would be expected to have a different branching ratio f,
and thereby influence the composition of the clusters, as discussed in Sec. 7. The mass
distributions calculated below can easily be re-calculated for any value of 0 < f < 1
using Appendix B.

6.1.1. Cross-linked, three-dimensional structures. The maximum-abundance silanions
Sip, HY 363, have 4n Si valence sites of which 1.363n are occupied by H. Hence there are
2.637 silicon bonds per Si atom, approximately %. Therefore, roughly, for every three
Si atoms there are two with 3 Si-Si bonds and one with 2 Si-Si bonds (or one with 4
Si-Si bonds and two with 2 Si-Si bonds), instead of all three with just 2 Si-Si bonds
as in a polysilane chain. Silanions are therefore highly cross-linked, three-dimensional
structures (see Appendix C). This kind of structure was proven for pure silicon anion
clusters by ab initio calculations [72].

6.2. Binomial and Gaussian statistics for the hydrogen distribution

A purely-descriptive random bonding theory was previously used to model mass spectra
[31], but the work by Operti et al [35] means that a more meaningful statistical
dehydrogenation reaction sequence can now be justified. During silanion growth, the
occurrence of a single or a double dehydrogenation reaction is assumed to be a random
event, with probability f and (1 — f) respectively, independently of preceding reactions.
Both odd- and even-mass silanions are present in Figs. 2 and 9(c), but only odd-mass
silanions will be considered first of all, because they constitute the principal abundances
amongst the initial silanions.

The probability distribution of n binary choices of single or double dehydrogena-
tions, which results in a silanion with n Si atoms, is described by a binomial distribution:

U+a-py =3 epa- e =1, )

where 7 is the number of single deydrogenations which add jHs to Si,H™, resulting
in the silanion odd-mass isomers Si,Hy; ;. C} = #lj), is the number of isomeric
combinations of j single, and (n — j) double, dehydrogenations. The fractional
abundance of these silanions is C7 f/(1 — f )("=7) which all have mass (28n + 25+ 1) amu
and so are indistinguishable in the mass spectrum (only the ?%Si isotope is considered
here; higher-mass isotopes are accounted for in the following Sec. 6.3). Note that the
sum of the binomial probabilities is unity for each cluster because {f + (1 — f)}* =1
in (3).

The probability of n consecutive single dehydrogenations (1), yielding the heaviest
silanions Si,Hs, ., is f", starting with the mono-silanion SiHs (n =1;j = 1).
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The probability of n consecutive double dehydrogenations (2), yielding the lightest
odd-mass silanions Si,H™, is (1 — f)", starting with the mono-silanion SiH™ (n = 1;j =
0).

For n > 1, the most probable number of Hy (or more correctly, the number of
2H) in the silanion is the same as the binomial average number, the mean puy, = nf.
In terms of amu, therefore, the mean number of H atoms is p = 2up, = 2nf amu.
Equating with the most abundant silanions observed gives 2n f = 1.363n as before. The
binomial distribution is shown in Fig. 10 for the odd-H distribution in the pure isotope
*SijgH;;,, using f = 0.68. The distribution is skewed to higher H content because
f > 0.5, and the fractional abundance of the mono-hydride silanion is vanishingly small,
(1- ) =032"9=4-1071°
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Figure 10. Binomial distribution, for f = 0.68, of the H content in QSSilgHQ_j+1

(j = 0—19) for the odd-mass silanions. The maximum abundance at **Si;gH; is the
corresponding to the fit in Fig. 3. The

closest odd-mass to the peak QSSilgH(L%SXw)

full range is shown, from the smallest silanion (mono-hydride 2®Si;oH™) to the largest

(2x1941)? in the odd-mass series for n = 19.

silanion, 28Si;oH

Concerning the width of the clusters’ mass distribution, the variance of the binomial
distribution for the number of Hy is of;, = nf(1 — f), where oy, is the standard
deviation from the mean. In terms of amu, the standard deviation is therefore the
double, 0 = 20y, = 2¢/nf(1 — f) amu. For Fig. 10, ¢ ~ 4 amu, and so the mass
difference between the 30 points is ~ 24 amu. The standard deviation relative to the

—9,/L4=0)

cluster number n in Fig. 8 is £ , which becomes narrower as the cluster size

increases.

6.2.1. Gaussian distribution Generally, a binomial distribution can be approximated
by a Gaussian distribution for n > 1 and f not too different from % This is shown in

Fig. 10 by superposing a normalized Gaussian, namely UH;\/% exp[—%(%y]’ where

x is the number of Hy, and the mean puy, and standard deviation oy, are identical to
the binomial parameters used above. Gaussian curves are (symmetric) parabolas in the
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semilog plot, so the fit to the skewed binomials is less good near the extreme values. The
7 =0.011 of
the maximum (the black dotted line in Fig. 10). For higher abundances, the distribution

abundance fraction at three standard deviations from the mass peak is e™

appears to be almost symmetrical around the peak mass. Again, the integrated area

below the whole Gaussian curve is unity, and the maximum probability - 1\/% (~ 0.2
2

in Fig. 10) decreases proportionally to ﬁ

6.3. Silicon isotope distribution and iterative convolution

The isotope abundance can be directly deconvolved from the mass spectrum [36] (see
Appendix A and Appendix B), but above n ~ 6, it is necessary, instead, to convolve the
binomial distribution with the isotope abundance so that the model distribution can be
compared with the measured mass spectrum in Fig. 2. Note that, if the Si isotope is
not stated explicitly, then Si,H, refers to the average silicon isotopic mass 28.109 amu,
as in Sec. 2.

It is reasonable to expect that the probabilities of dehydrogenation reactions
are entirely unaffected by the different silicon isotopes, and therefore the isotopic
distribution can be calculated independently of the binomial distribution for the H
content in Sec. 6.2.

By analogy with the binomial expansion for the binary choice of single or double
dehydrogenation, the triple isotope distribution can be described by a trinomial
expansion, as described in Appendix D. However, it is necessary to collect terms having
the same mass. In this case, it is more convenient to compute iterated convolutions of
the three isotopes (see Appendix B) than to expand the trinomial.

Iterated convolution is equivalent to repeated polynomial multiplication. To
calculate the abundances of the monomer Si, the isotope fractional abundance array
iso = [0.9221,0.0470,0.0309] is convolved with unity to obtain the same array for the
masses {28,29,30} amu, by definition, representing {?%5i,2°Si,3°Si}, respectively. The
abundances of Siy are obtained by a second convolution with iso to obtain iso *x iso =
iso*? = [0.8503,0.0867,0.0592,0.0029, 0.0010] for the masses {56,57,58,59,60} amu,
representing {?8Siy,28Si%Si,Si, & 28Si%0Si,29Si%0Si 30Siy }, respectively. n successive
convolutions with iso (mathematical notation iso™), yields the abundances of the
2n + 1 masses of Si,, beginning with mass 28n and ending with 30n amu. The sum of
the abundances for each Si, is always unity, and the average mass is always 28.109n
amu. These silicon isotopologue distributions are shown in Fig. 11 and are verified
to be identical to the trinomial expansion results. Note that these silicon isotope
distributions are not intended as pure Si, clusters; instead, they represent the isotopic
mass distribution of the n Si atoms in the isotopologues of Si,H  isomers. Although the
28Si isotope is strongly dominant in the low-n series, the abundance of the pure isotope
mass 28n becomes outweighed by the total probabilities of multiple isotope combinations
[36] around n > 19, which shifts the isotopologue mass peak to higher and higher values.
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Figure 11. The fractional abundances of the combinations of the three Si isotopes,
for each Si,, which occur in Si, H,,. The mass ranges, and dynamic range of the y-axis,
are similar to Fig. 2, and some isotopologues have been labelled where space permits,
before the number of isotope permutations becomes too large to label. The masses
range from 28n amu for pure 28Si,, (fraction 0.9221"), up to 30n amu for pure 3°Si,
(fraction 0.0309™). There are therefore (2n + 1) mass values for each Si,, although
the fractions of the higher-isotope combinations are too small to appear in this figure.
The sum of all the fractions equals one for each cluster.

6.4. Convolution of the H binomial distribution with the Si isotope distribution

Because the distributions of H content and Si isotopes are independent of each other,
their combination is given by a direct convolution (Appendix B) of the binomial
distributions in Sec. 6.2, with the isotopologue distributions in Sec. 6.3. The binomial
(red points) and Gaussian (red line) distributions in Fig. 12(a) show the odd mass series
in the range 400 - 600 amu, covering the n'" silanions from 288114H2_j+1 to 288120H2_j+1
for j =0 —n. Fig. 12(a) therefore includes the **SijgHy;,, distribution of Fig. 10, but
only shows those masses within 30 of the peak value which have more than e s =1.1%
of the maximum abundance (i.e. above the black horizontal line in Fig. 10). The sum
over all the fractions of each binomial odd-mass silanion is unity:.

Convolution with the isotopic distribution results in the points joined by the
black line in Fig. 12(a).
rising flank, owing to the isotopologues in Fig.
masses, 2°Si and °Si. This asymmetry of the isotope abundance gives some even-mass

The most salient feature is the sawtooth appearance on its
11 being skewed uniquely to higher

signal by ’isotopic scrambling’: Specifically, convolution with ?Si means that the odd-
mass silanions do contribute to even mass numbers. The sum of abundances for the
binomial distributions, and for the convolved distributions, are individually unity for

each silanion; the convolved abundances are lower because they are distributed over
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Figure 12. Calculated binomial (red points) and Gaussian (red line) distributions,
and convolution with the silicon isotopes (black points and line), in the range 400-600
amu for (a) odd-mass silanions only; (b) for individual odd- and even-mass silanions;
and (c) the sum of the convolved distributions for odd and even masses. Convolution
with the silicon isotope distribution skews the binomial and Gaussian curves to higher
masses.

every mass, and not just the odd masses.

6.5. Odd and even mass series

The measured mass spectrum in Fig. 2 does not exhibit the odd-even sawtooth
appearance in Fig. 12(a). Clearly, there must also be an even-mass series, Si; to
Si,Hs,,, because these already exist in the initial anions in Fig. 9(c). The corresponding
even-mass dehydrogenation reactions,

Single dehydrogenation even series  Si,H,, +SiH, — Sin+1H2_(n +1)—|—H2,(4)
and
Double dehydrogenation even series  Si,; + SiHy — Si, | + 2Ho, (5)

exist in parallel with the odd-mass dehydrogenation (1) and (2). The odd-mass reactions
(1) and (2) dominate for the small anions in Sec. 5, but this discriminating influence of
the chemical structure disappears for the large silanions. All other particularities of the
small anions, such as the remarkable emergence of SisH™ and SigH™, are also eventually
lost in the statistical averaging of iterated growth reactions.

Furthermore, the even-mass series must have abundance and branching ratio f
closely equal to the odd-mass series, otherwise there would always be some residual
odd-even alternation in the model, which is not observed amongst the large silanions in
Fig. 2. Some coupling across the odd- and even-mass series could occur via occasional
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elimination [35] or abstraction of H atoms (as opposed to purely molecular Hy in
dehydrogenation reactions), and/or possible reactions with minority monomer radicals
SiHg_3, instead of SiH4. The constancy of the branching ratio across all odd and even
masses is tentatively explained by localized reactions in Sec. 7.1.

Fig. 12(b) shows a 50/50 superposition of equal odd- and even-mass curves
corresponding to those in Fig. 12(a). Finally, the points joined by the black line in
Fig. 12(c) represent the sum of the convolved odd- and even-mass series. In conclusion,
the skewed isotopic distributions in Fig. 11 shift the binomial curves to significantly
higher masses in Fig. 12(c), showing that the isotope effect cannot be ignored if the
model is to be compared with experimental results. The convolution of the Gaussian
curves with the isotopologues also broadens the distributions but these are no longer
Gaussian because the isotope distributions are asymmetric, giving a non-symmetric
resultant curve, although it superficially resembles a Gaussian curve [36] in Fig. 12(c).
Nevertheless, the area below the convolved curve remains unity because each of the
Gaussian and isotope curves is normalized. The mass of the convolved maxima follows
the isotopic average 29.472n amu as determined in Fig. 3.

7. Comparison with the measured mass spectrum

This final convolved distribution in Fig. 12(c) is compared with the entire measured
mass spectrum in Fig. 2. The logarithmic slope of the measured cluster abundances is
much steeper than for the purely-statistical ﬁ gradual fall-off in Fig. 12 because the
mass-dependent silanion flux signal also depends on the combined effect of their plasma
generation (some function of t., and t.g, see Sec. 2.3), the mass discrimination through
the PPM421, and the detection sensitivity by the channeltron [33]. This is accounted for

0-0-0029M where M is the mass

by multiplying the model curve by an empirical factor 1
in amu. These three effects are unknown functions, therefore the observed logarithmic
decrement cannot be interpreted in any meaningful way:.

Finally, for high mass clusters particularly, the calculated curves give an accurate
fit to the measured abundance distributions to about 3 standard deviations either side
of the cluster maxima, thus supporting the assumptions of the random dehydrogenation
model. The mass distributions of the initial small clusters are not captured by the
model because the particular chemical effects considered in Sec. 5 are not accounted
for. The single and double deydrogenation model also does not include the triple
hydrogenation necessary to explain the remarkable mono-hydrides SisH™ and SigH™
[35]. Nevertheless, apart from the empirical log slope, the branching ratio between
single and double dehydrogenation, f = 0.68, is the only parameter required to fit the
mass values, the distribution shape, and the width of every large silanion distribution
(n > 13).

The determining value of f in other silane experiments will differ depending
on the plasma parameters used. Almost-pure crystalline silicon clusters [69] are
obtained for other experimental conditions [36], for example by silane dilution [70, 71].
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Comparatively-low pressure experiments [35] also apparently favour a low H content
commensurate with f < 1. An example of these cases, in the limit f = 0 (double
deydrogenation only), is shown for SijoH; in Fig. 13. The value f = 0.68 in the present
experiments is higher probably because of the low-duty-cycle power modulation; f is
likely to be a function of ., and t.g, which remains to be tested.

In contrast, the distribution consistent with uniquely-single dehydrogenation, f =1
in Fig. 13, as generally assumed in theoretical models [1, 5, 6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24], is clearly very different from those observed by
experiments. Amongst these models, double dehydrogenation is discussed apparently
only by Perrin et al via two-step collisions [5] and/or reactions with silane radicals
[7, 10]. Multiple dehydrogenation is considered to be less important on energy grounds
[14]. Indeed, quantum chemistry calculations propose that even single dehydrogenation
involves a three-step mechanism with large energy barriers [23, 24]. Hence single-
step double dehydrogenation (which, by the microscopic reversibility principle, would
furthermore be as rare as three-molecule collisions) is not expected to occur, contrary
to (2). Nevertheless, the empirical fact remains that multiple dehydrogenation, via
however many elementary steps, is apparently commonly observed in a wide range of
plasma conditions, from low to high pressure [5, 25, 26, 27, 29, 33, 35, 36, 42, 43].
Fridman et al [8] suggest that vibrationally-excited states in plasma could stimulate
silanion-silane reactions. Also, if multiple dehydrogenation turns out to be the outcome
of the reaction of an excited silanion in Operti et al [35], possibly due to ineffective
quenching by the helium buffer gas in some cases, this excitation is likely to be the same
as in a RF plasma, thereby explaining the agreement with the present data [41]. This
emphasizes the necessity of accounting for the plasma environment in silanion-silane
nucleation models.
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Figure 13. Raw data (blue line) are shown for SijgH; (taken from Fig. 2; data
from neighbouring silanions are suppressed for clarity) along with the binomial model,
f = 0.68, convolved with the isotope distribution. The distribution for f = 0
would be representative of an experiment generating crystalline clusters via double
dehydrogenation. The distribution for f = 1 represents single dehydrogenation only,
as assumed in models of nucleation.
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7.1. Constancy, statistics, and localized reactions

Experimental measurements and comparison with the model show the following related
observations:

(i) A constant ratio [H]:[Si] for all of the most-abundant silanions (Figs. 3 and 8).
(ii) A constant branching ratio f of the single/double dehydrogenation reactions.
(iii) Equality of the odd- and even-mass reactions.
)

(iv) The accuracy of the binomial fit for the mass, shape and width of the H distribution
(after convolution for the isotopes).

These observations could be explained by postulating localized reactions of SiH,
with only a limited number of neighbouring surface atoms on the silanions. Hence,
reactions do not depend on the growth history, the size, the overall [H]:[Si] ratio,
or the odd/even number of Si atoms on the rest of the silanion. Single or double
dehydrogenation reactions are independent of whether the preceding reaction was single
or double dehydrogenation. The number of neighbouring atoms involved in the localized
reactions can perhaps be judged from the size of anions where chemical influence is
strong: This would suggest n < 6 atoms of Si and H, from Figs. 2 and 9.

Silanions are charged by a single attached electron due to their non-zero electron
affinity; this is qualitatively different from the dynamic equilibrium of fluctuating charges
on macroscopic particles due to the plasma [29]. There is also the intriguing possibility
of enhanced electron attachment to excited states of silane [73, 74]. Operti et al [35]
propose that an intermediate anion-dipole complex [47, 75] forms by anion addition to
the induced positive pole of SiHy [1, 10], i.e. to the silicon atom. Silanion-silane self-
condensation then ensues, with multiple dehydrogenation. We could further speculate
that silanion-molecule reactions are a microcosm analogue for silicon thin film growth,
whose surface is negatively charged in presence of a plasma sheath, and whose hydrogen
content is only a few atomic per cent, which is to say, strongly dehydrogenated.

8. Conclusions

Mass spectra of silicon hydride negative ion clusters (defined here as ”silanions”, Si, H; )
were measured up to 800 amu in a low pressure (0.1 mbar) pure silane plasma. Time-
resolved anion flux measurements, compared with other electronegative gases, show
that silanions originate from within the plasma, and not from the afterglow nor surface
reactions.

The hydrogen distribution in small silanions, n = 1 to 6, was investigated by
silicon isotope deconvolution of the raw data. These were compared with ab initio
calculations and other experimental observations of silanion-silane self-condensation
reactions where one, two, or three Hy, molecules are released. This is an example of
multiple dehydrogenation [35].

Large anions, n > 13, were analyzed by isotopic convolution of a binomial
dehydrogenation model, for comparison with the raw data. The position, width, and
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shape of all the measured distributions were reproduced using only one fitted parameter,
the branching ratio f = 0.68 between random single and double dehydrogenation. This
supports the statistical dehydrogenation model which is based on localized anion-neutral
reactions. Other plasma conditions would be expected to exhibit different branching
ratios.

To conclude, it is proposed that the growth mechanism of large silanions is a random
sequence of multiple dehydrogenation reactions, for parallel series of odd- and even-
mass silanions. Silanion-neutral nucleation can play a significant role in micro-particle
formation during thin-film silicon plasma deposition. Although the theory for silanion-
silane dehydrogenation reactions in plasma is still incomplete, it is suggested that
nucleation models would represent experimental observations more fully by accounting
for the plasma environment and including multiple dehydrogenation reactions.
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Appendix A. Deconvolution of the isotope distribution

Ideally, the whole measured mass spectrum would be deconvolved by the Si isotope
distribution to facilitate interpretation in terms of anion chemistry. The confusion
caused by isotope scrambling is because the signal from a single heavy isotope 2Si or
30Si could be mistaken for an extra H or Hs, respectively, and so on for multiple isotope
combinations. Deconvolution can be done for perfect isotope proportions, such as the
mathematical model used to generate Fig. 11. However, due to experimental errors,
this can be partially successful only for the smallest anions. For example, Fig. 9 shows
that mass peaks above Si,H,, ; are artefacts due to heavy isotopes. Unfortunately,
deconvolution is impractical for larger silanions because n iterated deconvolutions are
required, compounding the experimental measurement errors, and the signal noise for
the lowest abundances means that the residue errors are large and non-physical.

One way to perform deconvolution is to iteratively subtract the heavy isotopes
starting from the unambiguous lowest-mass pure silicon isotope cluster 2*Si;~ [36, 67].
For example, starting with the mono-silanions, the peak at mass 28 amu can only be
due to 28Si~. If silicon consisted only of this pure isotope, then the signal at 28 amu
would be augmented by dividing by its fractional natural abundance 0.9221, and the
signals at 29 and 30 amu would be diminished by subtracting the abundance fractions
0.0470 and 0.0309 of this value, respectively. This procedure is then repeated using the
corrected signal at 29 amu, and so on, up to the heaviest pure-isotope mono-silanion
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2SiH; as shown in Fig. 9.
The calculation is more complicated for the di-silanions because of the different
combinations of the isotopes [36]. In fact, the masses of the Si; isotopes range from

n’

56 amu for 2¥Siy, up to 60 amu for *°Si_, with abundances corresponding to the five

terms in the convolution of the isotope probability distribution with itself, namely
[0.9221,0.470, 0.0309]*? = [0.8503,0.0867,0.0592, 0.0029, 0.0010].

To generalize: For a silanion containing n Si atoms, the abundance fraction of
28Si,, is 0.9221", and the abundances of the (2n + 1) silicon isotope combinations, from
28n amu up to 30n amu, are given by the nth convolution of the abundance array
[0.9221,0.470, 0.0309]*™. The iterative deconvolution calculation and results are shown

respectively in Appendix B and Fig. 9 forn =1 — 6.

Appendix B. Program Listings using Matlab©[76]

Appendiz B.1. Calculating deconvolution in Sec. 5.1

is0=[0.9221, 0.047, 0.0309]; % Array of Si isotope abundances for 28,29,30 amu.
% A is the array of discretized abundance data in Fig 9(b).

c=1; % Begin the convolution iteration with unity.

for n=1:6 % Count through the first 6 silanions.

c=conv(c,iso); % Iterative convolutions of iSO, giving iso*".

% Note: length(c)= 2n + 1, and sum(c)= 1 for all n.

for j=28"n:30*n+1 % Count through the H distribution in Si, to Si,Ha, 1.
A())=A(j)/c(1); % Correction to the 28Si abundance.

for i=1:2*n % Count through the remaining 2n terms of c.
A(j+i)=A(j+i)-c(i+1)*A(j); % Subtract minor isotopes from the next 2n masses.
end, end, end

% A is now the array of deconvolved abundance used in Fig 9(c).

Appendiz B.2. Calculating convolved binomial distributions in Sec. 6

is0=[0.9221, 0.047, 0.0309]; % Array of Si isotope abundances for 28,29,30 amu.
nmax =27; % Arbitrary highest no. of Si atoms in a silanion.

Mass=[1:32*"nmax+1]; % Mass array [amu]. The heaviest silanion is **Si,,;0: Hopmaar1-
Aiso=zeros(1,32*nmax+1); % Initialize the isotopologue abundance array.

% Initialize also the even- and odd-mass binomial abundances Aebin, Aobin, and the
final isotope-convolved binomial abundances Ae and Ao, respectively.

f = 1.363/2; % Single dehydrogenation branching factor, to fit the measured mass
spectrum in Fig. 2, using Fig. 3.

e=0.5; % Proportion of even masses, assumed equal to the odd masses here.

c=1; % Begin the convolution iteration with unity.

for n = 1:nmax % Count through the silanion clusters from 1 up to Sijmaz-
c=conv(c,iso); % Iterative convolutions of iSO, giving iso*".
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% Note: length(c)= 2n + 1, and sum(c)= 1 for all n.
Aiso(28*n:30*n)=Ais0(28*n:30*n)+c; % Isotopologues Si,,, as used in Fig. 11.
for i=1:2:2*n+1 % Index counter for hydrogenation by one Hy at a time.
j=(i-1)/2; % Number of Hy on the nth silanion.
bin(i) = factorial(n)*f"j*(1-f)"(n-j)/factorial(n-j)/factorial(j); % Binomial abundance, using
(3).
end
Aebin(28*n:30*n)=Aebin(28*n:30*n)+e*bin; % Even mass binary abundance used in
Fig. 12.
Aobin(28*n+1:30*n+1)=Aobin(28*n+1:30*n+1)+(1-e)*bin; % Odd mass binary abun-
dance used in Figs. 10 and 12.
biniso = conv(c,bin); % Convolution of the binomial distribution with the isotope
distribution.
Ae(28*n:32*n)=Ae(28*n:32*n)+e*biniso; % Even-mass convolved binomial abundance
used in Figs. 2, 12, and 13.
Ao(28*n+1:32*"n+1)=A0(28*n+1:32"n+1)+(1-e)*biniso; % Odd-mass convolved bino-
mial abundance used in Figs. 2, 12, and 13.
end

The Gaussian expression is given in Sec. 6.2.1.

Appendix C. Building simple model structures for Si,H,, silanions

Fig. 8, derived from the mass spectra of Fig. 2, suggests that the silanions with
maximum abundance are Si,Hj 343,- When the isotopic ratios were neglected in low-
resolution mass spectra [29, 31|, it appeared that the ratio was Si,Hu, /3, a difference
of ~ 2%. We show here that this result would imply a particularly simple rule for
constructing molecular models of the most abundant silanion isomers: Each Si atom
has 4 valence sites, therefore Si,Hy, /3 contains a total of 4n Si valence sites, of which
4n/3 are occupied by Si-H bonds. If the number of dangling bonds is negligible, then
the remaining 8n/3 Si valence sites are all occupied by Si-Si bonds, which implies 4n/3
Si-Si bonds, because silicon does not form multiple bonds. Hence, for [H]:[Si]=4/3, there
are exactly equal numbers of Si-H bonds and Si-Si bonds in the maximum-abundance
silanions Si, Hyy,/3. Various isomers can be conveniently fabricated using molecular bond
kits by tossing a coin to choose whether each Si valence site is to be joined to an H or
to another Si.

Appendix D. Trinomial distribution for the silicon isotopes in Si, H

By analogy with the binomial distribution for the binary choice of Si or H, the triple
isotope distribution can be described by a trinomial expansion. The single and double
dehydrogenation model makes the assumption of constant branching ratio f for all n,
whereas now the isotope ratios are definitive and known precisely. The binomial and
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trinomial expansions are particular cases of the general multinomial expansion. The
trinomial expansion is written as:

n!
(m+p2tp)' = Y mp§1p§2p§37 D)
ki1+kot+ks=n 1-R2:K3:

where [p1,pe,p3] = [0.9221,0.0470,0.0309] are the isotope fractional abundances of

28Si, 29Si, 39Si respectively, and the n Si atoms in Si,H,, consist of k; 28Si, ko 2°Si,
(n+i—1)! __

i—1)n!

(n 4 2)(n+ 1)/2, where i = 3 is the number of isotopes, but for an anion containing n

and ks 3°Si isotopes. The number of different isotopologue combinations is

Si atoms, there are only (2n + 1) distinct silicon masses ranging from 28n to 30n amu.
For n > 1 there are therefore always more isotopologues than masses because various
combinations of isotopologues have the same total mass 28k, + 29k, + 30k3 amu. The
calculated abundance of these equal-mass isotopologues must be summed to give the
final Si,, mass distribution which is to be convolved with the binomial distribution of
the m H atoms.

In Sec. 6, the single-and-double dehydrogenation model employs the binomial
distribution, and the isotope distribution employs iterated convolution; these two models
are then convolved to compare with the measured spectrum in Sec. 7. Alternatively, the
binomial distribution could have used a double convolution; or the isotope model could
have used the trinomial distribution (as shown in this appendix). Instead, we chose to
use the two different methods in Sec. 6 to be more instructive, and to emphasize the
different physical origins of the H and Si distributions.
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