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ARTICLE INFO ABSTRACT

The formation of higher order silanes during monosilane pyrolysis is studied using a millimeter scale pyrolysis
reactor combined with a tailormade gas chromatography-mass spectrometry (GC-MS) setup. We use monosilane
diluted in hydrogen and investigate the effects of monosilane inlet concentration (0-100%) and reactor tem-
perature (450-530 °C) on the pyrolysis process. The applied GC-MS technique allows for absolute quantification
of mono-, di- and trisilane, as well as relative quantification of higher order silanes with up to eight silicon
atoms. We are able to differentiate between higher order silane isomers with up to five silicon atoms and to
identify one cyclic silane with six silicon atoms. We find that the outlet concentration of the cyclic silanes as a
function of reactor temperature and monosilane inlet concentration have characteristic differences from the
outlet concentrations of their non-cyclic counterparts as a function of the same variables. Our data does thereby
give experimental evidence for the special role of the cyclic silanes in the pyrolysis process, which has already
been pointed to by other authors through numerical and theoretical works. Since cyclic silanes are key species in
the particle formation process during monosilane pyrolysis, we hypothesize that avoiding cyclic species can help
to reduce fines formation in monosilane pyrolysis reactors. Our detailed mapping of higher order silanes for-
mation gives indications as to which process parameter combinations promote the formation of cyclic silanes
and which do not.
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grade silicon production by 15-17 kWh/kgg; is, in a CO, emission
perspective, equivalent to a 1% absolute increase in the energy con-

1. Introduction

Photovoltaics is one of the fastest growing electricity sources glob-
ally, and forecasts predict that it will grow rapidly also in the coming
decades [1-3]. Forecasts further predict that the market share of above
90% for silicon based solar cells will stay unchanged [1], indicating that
the demand for solar grade silicon will continue to grow.

Purification of silicon for solar cells is an energy demanding process.
Up to 40% of the energy needed for the production of a solar panel
based on multicrystalline silicon cells is consumed during the pre-
paration and purification of the silicon feedstock [4]. Therefore, finding
ways of reducing the energy consumption in these process steps can
greatly contribute to the minimization of the cost for solar panels, as
well as reducing their carbon footprint and energy payback time. Re-
cent analyses [5] show that reducing the energy consumption for solar

version efficiency for mono- and multicrystalline silicon PV modules.
Developments in the silicon purification industry can therefore strongly
contribute to making PV an even more environmentally friendly source
of electricity.

More than 80% of the polysilicon consumed by the PV industry is
produced by pyrolysis of trichlorosilane (SiHCl3) in the Siemens process
[1]. Operation of Siemens type reactors is done by numerous silicon
producers and the process can give high quality silicon with purity
9-11 N. Even if this technology is considered mature, research (e.g. [6])
is still conducted to optimize it. The energy requirement of the Siemens
process is rather high and the one-pass conversion to silicon is low,
meaning that recycling of byproducts is necessary.

One way of reducing the overall energy consumption during solar
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cell production is to consider replacing the Siemens process by pyrolysis
of gaseous monosilane (e.g. [5,7-9]). The production of solar grade
silicon by pyrolysis of gaseous monosilane is typically carried out in a
fluidized bed reactor (FBR). The FBR has lower energy consumption
than the Siemens reactor per kg produced silicon (e.g. [5,7-9]).
Moreover, the relatively high chemical yield [9] and the possibility for
continuous operation, rather than batch operation as in the Siemens
process, makes the FBR process economically feasible.

There are, however, challenges related to formation of dust (often
denoted fines) during the monosilane pyrolysis process (e.g. [10-13]).
Fines formation constitutes a competing chemical pathway to the de-
sired solid silicon production and does therefore cause a reduced yield
of solid silicon. Moreover, fines formation leads to challenges related to
reactor clogging and reduced material quality (e.g. [11,13]). Over-
coming these challenges requires understanding of the chemical com-
plexity hidden in the hundreds of reactions on the way from gaseous
monosilane to solid silicon.

With this contribution we bring deeper understanding to the
monosilane pyrolysis process by demonstrating a tool for mapping the
presence of higher order silanes during the pyrolysis process. Higher
order silanes are intermediates on the chemical pathway from mono-
silane gas to solid silicon particles. Understanding the formation and
disappearance of these intermediate species during the pyrolysis pro-
cess can contribute to increased production yield and improved mate-
rial quality. This understanding can enable further optimization of in-
dustrial monosilane pyrolysis reactors by indicating which reactor
parameter combinations promote fines formation and which do not.

2. Theory

Extensive research related to monosilane pyrolysis has been con-
ducted during the past decades. Experimental works ([14-21] and
others) as well as modelling works ([12,22-27] and others) have been
carried out. Hogness and coworkers [14] were, as early as in 1936,
among the first authors to suggest a preliminary chemical reaction
mechanism for the pyrolysis of monosilane. Based on their experi-
mental data, they proposed that the reaction is homogeneous and first
order. Despite several attempts, these authors were not able to measure
disilane in the reaction products. Accordingly, they suggested that the
reaction proceeds through two simple steps, sequentially eliminating
two hydrogen molecules from monosilane to form solid silicon [14].
The experimental data at which these authors built their model was
obtained within the temperature range 380-490 °C and within the
pressure range 0.05-0.75 bar. In the view of later research on the topic
([12,17,23,24,28,29] and others) it has become clear that the me-
chanism suggested by Hogness et al. [14] is too simple to properly
describe monosilane pyrolysis. Nevertheless, their work made an im-
portant foundation to research in this field, which other researchers
have built further upon.

Purnell and Walsh [30] were in 1966 able to measure di- and tri-
silane as products of monosilane pyrolysis. They developed a more
complex mechanism than the one suggested by Hogness et al. [14]. In
their mechanism di- and trisilane could also form. In the following
years, the mechanism has been continuously expanded and developed
to contain an increasing number of species and reactions. In 1987,
Yuuki et al. [22] proposed a gaseous reaction model containing 11
elementary reactions and 10 chemical species with up to five silicon
atoms. In this model silicon particles were assumed to be created di-
rectly from five-membered silicon hydrides. As we have recently de-
monstrated [31] and will further look into in this contribution, we are
able to measure higher order silanes with up to nine silicon atoms
during monosilane pyrolysis. Assuming that particles are made directly
from five-membered silicon hydrides is therefore clearly too simple.

Giunta et al. [32] and Frenklach et al. [33] developed mechanisms
including silanes (saturated silicon hydrides with only single bonds),
silenes (silicon hydrides containing silicon-silicon double bonds) and
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silylenes (radical species, e.g. SiH3SiH) with up to 10 silicon atoms. In
both these mechanisms [32,33], all reactions including species with
more than two silicon atoms, were assigned the same reaction coeffi-
cients as the analogous reaction with disilane. Later research
[28,29,34,35] has identified unequal reaction coefficients for these
reactions. Further, these mechanisms [32,33] did not include cyclic
species. It has later been shown [23,27,36,37], that cyclic silanes play
an important role during monosilane pyrolysis. In this contribution, we
give further experimental evidence for the importance of cyclic silanes.

Veprek and coworkers were, with their series of experimental and
theoretical works [36,38-40] on monosilane decomposition during
low-pressure plasma conditions, among the first authors to hypothesize
the importance of cyclic and more complex three-dimensional struc-
tures in the monosilane pyrolysis process [36]. This hypothesis, to
which the results presented in our current contribution lend experi-
mental support, has been built further upon by several newer modelling
works. Swihart and Girshick [12,23] built on kinetic parameters de-
termined by Ho et al. [41] and on the hypothesis about cyclic silanes
proposed by Vepfrek et al. [36]. In 1998 these authors published a de-
tailed model of monosilane pyrolysis, containing reversible reactions
among species with up to ten silicon atoms and irreversible reactions
forming silicon hydrides with 11-20 silicon atoms [23]. Cyclic species
were considered in this model in addition to silanes, silenes and sily-
lenes. Like Veprek et al. [36], Swihart and Girshick proposed that the
cyclic species, because of their high stability relative to their non-cyclic
counterparts, play an important role in the pyrolysis mechanism.

Several works have taken advantage of the kinetic model proposed
by Swihart and Girshick [23] and combined it with other advanced
modelling techniques. Girshick et al. [12] coupled it with an aerosol
dynamics moment model to predict particle growth, coagulation and
transport. Nijhawan et al. [24] further combined it with a flow model
and a surface chemistry model developed by Ho et al. [41]. Wong et al.
[27] took the mechanisms by Giunta et al. [32] and that by Swihart and
Girshick [23] as a starting point and, aided by automated mechanism
generation, developed an even more complex mechanism. Based on
their modelled results, Wong et al. reported that cyclic structures,
especially cyclopentasilane, but also cyclotetrasilane were playing im-
portant roles in the formation mechanism. As we shall see later in this
contribution, these modeled results are in qualitative agreement with
our experimental results.

Other complex modelling works [10,42-44] combine gas phase and
surface phase chemical reactions with computational fluid dynamics,
particle transport, convection, diffusion, thermophoresis, nucleation
and coagulation models to predict particle formation during mono-
silane pyrolysis. Adamczyk et al. have in several contributions
[28,29,34,35,45] applied quantum chemical calculations, statistical
thermodynamics, transition state theory and transition state group ad-
ditivity to determine the Arrhenius parameters of the chemical reac-
tions involved in monosilane pyrolysis.

2.1. Lack of detailed experimental data in the literature

A common theme to many of the works mentioned above is that the
modelled results hold an impressive degree of detail, whereas experi-
mental results for model validation are either missing or far less de-
tailed than the modelled results. For example, the detailed models de-
veloped in Refs. [12,23,42-44] all lack comparison to experimental
data on the formation of higher order silanes during the pyrolysis
process. Some newer contributions [10,46,47] compare modelled and
experimental results on the effect of operation parameters on mono-
silane pyrolysis. Even so, there is limited available experimental data
compared to the level of detail in the models.

Many of the experimental works in the field of monosilane pyrolysis
report macroscopic parameters like particle formation [18-20,48], par-
ticle size distribution and particle number concentration [49,50]. These
particle-related parameters are the result of thousands of chemical
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Fig. 1. Sketch of the horizontal tubular free-space-reactor in which we conduct our monosilane pyrolysis experiments.

reactions. Proper validation of models simulating such macroscopic
parameters requires experimental data of not only these macroscopic
parameters, but also of the chemical species involved in the reactions.
Several authors have reported the appearance of higher order silanes
with up to four silicon atoms during monosilane pyrolysis [17,18,51].
Data describing silanes containing more than four silicon atoms during
this process is, however, largely non-existent in the literature. The ex-
perimental data available in the literature further lack differentiation
between isomers with the same number of silicon atoms.

Three main challenges cause the lack of detailed experimental data
in the field. First, there has been a lack of reliable measurement tech-
niques to detect and identify higher order silanes and their isomers.
Second, the high reactivity of the silanes with oxygen makes them
challenging and potentially dangerous to handle. Third, the chemical
process itself makes it challenging to detect the intermediate reaction
products (i.e. the higher order silanes). Among the chemical steps in the
pyrolysis process, the very first step, production of silylene (SiH,) and
hydrogen from monosilane, has one of the highest activation energies
[28]. Therefore, under many conditions, as soon as this initial step is
overcome, the reaction proceeds quickly to larger and larger species,
until eventually, silicon particles are produced. Wu and Flagan [52]
used the term runaway nucleation to denote this phenomenon.

Our group aims to overcome these three challenges. First, we have
in an earlier paper demonstrated the ability to measure higher order
silanes with up to eight silicon atoms and differentiating between iso-
mers of silanes with up to five silicon atoms using gas chromatography
combined with mass spectrometry (GC-MS) [37]. Second, in the cur-
rent contribution we apply a millimeter-scale pyrolysis reactor that
enables us to map out a complex, multi-dimensional parameter space in
an efficient and safe manner: because of its small dimensions, the risks
related to explosivity and flammability of the silanes are strongly re-
duced. Third, in the experiments that we present here, we are con-
trolling the process carefully such that it avoids proceeding all the way
to silicon particles. Instead, we are leading higher order silanes, which
are process intermediates, out of the reactor and to our GC-MS in which
we detect and identify these species.

In this contribution we apply our reactor-GC-MS setup to explore
the effects of temperature and monosilane inlet concentration and
conduct a mapping of the combined effect of these two parameters on
the formation of various higher order silane species. The detailed,
isomer specific data that we obtain is a valuable link to modelled data
in the field and helps closing the gap in the degree of detail between
monosilane pyrolysis models and experimental works regarding
monosilane pyrolysis. Specifically, we observe a deviating behavior of
the concentration of the cyclic species, as compared to non-cyclic spe-
cies. This observation gives experimental support to modelled results
predicting the stability [23,27,45] of cyclic silanes and a special role of
cyclic species during monosilane pyrolysis [23,27,36].

3. Experimental
3.1. Silane reactor

Our monosilane pyrolysis experiments were conducted in a hor-
izontal, tubular free space reactor (FSR), sketched in Fig. 1. The reactor
consists of a 124 cm long 1/4“ (6.3 mm) stainless steel 316L pipe with
Swagelok fittings in both ends. The inner diameter of the tube is
3.85mm, giving a reactor volume of only 14.4 cm®. The temperature of

the 80 cm long heated zone is set by the reactor operator and can attain
values from room temperature to 600 °C. In the experiment series
presented here, we investigate temperatures in the range 450-530 °C.
The temperature is continuously measured by six thermocouples placed
at different axial positions between the inner metal tube and the in-
sulation material (glass fiber, textile glass braiding and silicone foam
tape).

At the temperature settings we used, the absolute difference be-
tween the highest and the lowest temperature in the heated zone is
about 40 °C, which at a setpoint of 500 °C constitutes a maximum de-
viation of 5.2% in absolute temperature. Assuming the Arrhenius
parameters estimated by Adamczyk et al. [28], the rate of hydrogen
elimination from monosilane increases six-fold> with a temperature
increase from 500 °C to 540 °C. Our temperature uncertainty can, in
other words, cause large uncertainties in our results, which we need to
be aware of when interpreting our data. The temperature dependence
of the formation of higher order silanes is further discussed in Section
4.2,

During an experiment the process gas, monosilane and hydrogen at
varied mixing ratios, is led through the reactor. In the experiments
presented here, we use a constant total flow of 100 mSLM (standard
milliliters per minute), giving a residence time of about 2's. We vary the
monosilane inlet concentration (in volume percent) in the range from
2.5% to 100%. The flow and mixing ratio are controlled by mass flow
controllers (MFCs). For monosilane, we use three MFCs of the type
Bronkhorst MFC Metal Seal, with flow ranges 0.08-3.8 mSLM, 0.5-25
mSLM and 20-250 mSLM respectively. For hydrogen we use an MFCs of
the type Bronkhorst El-Flow Prestige MFC with flow ranges
5-250 mSLM. All the MFCs have rated accuracies of + (0.1%
Rd + 0.5% FS), where Rd represents the actual reading and FS re-
presents the maximum flow of the MFCs. For the flow range we in-
vestigated, the largest relative uncertainties in the gas flows are
within = 3%. The reactor pressure is controlled by a back-pressure
regulator (El-Press, Electronic Back Pressure Controller) with a rated
accuracy of = 0.0175bar. In the presented experiments, we kept the
pressure constant at 1.2 bar. At each combination of reactor tempera-
ture and monosilane inlet concentration we inject a sample of the re-
actor exhaust to the gas chromatograph-mass spectrometer (GC-MS, see
Section 3.2). The analysis time of a sample in the GC-MS is approxi-
mately 30 min. Therefore, the reactor is always allowed to stabilize for
30 min at each new setting before we sample to the GC-MS.

Depending on the combination of reactor temperature and mono-
silane inlet concentration, particles might be produced in the reactor
(see Sections 4.1 and 5.2). We generally want to avoid reactor settings
that cause extensive particle production because particles and other
larger species can clog the reactor or the related equipment. We also
expect that the presence of particles alters the reaction chemistry. A
detailed understanding on the influence of the particles on the reaction
chemistry is out of scope for this work; we refer the reader to previous
modelling work by Menz and Kraft [25].

Particle production is promoted by increased temperature or
monosilane inlet concentration. To minimize the effect of the particles
in the reactor, we always scan parameters from lower to higher
monosilane inlet concentration or from lower to higher temperature. By

2k(500 Q) = Ae(—Ea/RT) 13.68716((757.3 kcal/mol)/((1.987-10"3  kcal/

moli)773.15K)  _ g 6110716 s~ k(540 °C) = AeC"FVRD  _
13,65~ Le((~57-3keal/mol)/((1.987-10°3 keal/molK)813.15K)) _ 5 39770~ 15 g~ 1
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scanning this way, we avoid as much as possible that a measurement at
one specific reactor setting is influenced by particles made at another
reactor setting. After one measurement series, i.e. a series of injections
with increased temperature or monosilane inlet concentration until the
system clogs or an inlet concentration of 100% monosilane is reached,
we open the reactor in both ends and remove particles by blowing
through the reactor by pressurized nitrogen. We assume that this pro-
cedure brings the reactor back to its initial state, such that new ex-
periments are not influenced by earlier experiments.

3.2. GC-MS

A side stream of the reactor exhaust is led from the reactor outlet to
a GC-MS, tailor made for measuring higher order silanes. Our GC-MS
system consists of gas chromatograph Agilent 7890B GC and mass
spectrometer Agilent 5977A MSD (subtype G7038, quadrupole MS with
electron ionization). Readers are referred to our previous work in ref.
[37] for a detailed description of the system and its functionality. In this
study, we introduce some changes to the system. First, the temperature
of the gas handling and loading system is kept at about 120 °C (rather
than 60 °C as in ref. [37]). The higher temperature reduces the risk that
silanes with a high boiling point condense in the system before they
reach the gas-chromatographic columns. We facilitate the temperature
increase by replacing electronically controlled valves with pneumati-
cally controlled valves. Second, the injection method presented in ref.
[371 is slightly modified: We do not apply the so-called argon piston and
the multiposition valve as described in ref. [37]. Rather we inject by
opening a manual valve to the reactor. Since we keep the reactor
pressure at 1.2bar (see Section 3.1), gas will flow into the GC-MS
sampling loops which we keep at 1 bar. Our new injection method is
simple and it reduces the risk of cross contamination between the
samples.

The gas chromatographic system (GC) separates different gasses in
time by their varying interaction with the GC columns and, accordingly,
their different travelling times through the columns. Different gases and
isomers will thus elute to the mass spectrometer (MS) at different times.
In the MS, the molecules are bombarded and fragmented by accelerated
electrons; we set the acceleration potential to 70 V. Different gas mo-
lecules and isomers fragment differently and thus cause different mass
spectral patterns. We recently identified and published mass spectra of
various higher order silane isomers [37]. Cyclohexasilane (cy-
clo-SigH;,) is identified [53] based on its boiling point and its elution
time of the GC column.

We have calibration standards, provided by Matheson, allowing for
an absolute calibration of the signals of mono-, di-, and trisilane. Our
most concentrated calibration standard has concentrations of 2%, 0.2%
and 0.1% for monosilane, disilane and trisilane respectively. For con-
centrations higher than these, we calculate measured concentrations by
extrapolation. We calculate calibration curves by assuming that the
relation between concentration and signal intensity is linear and that
zero concentration gives zero signal intensity.

Calibration of species with four or more silicon atoms is not possible
at present because we lack reliable calibration standards. We assume
that the response factor of every species in the GC-MS is constant as a
function of concentration. This assumption implies that the measured
signal of a species scales linearly with the concentration of that species.
The scaling factors are, however, unknown. When we plot the signals of
the higher order silanes semi-logarithmically (see Fig. 2 and Fig. 3), the
slope of each plot will be independent of the unknown scaling factors.
This way, we can compare the growth rate of the species even if their
scaling factors are unknown.

The most abundant m/z in the mass spectrum of trisilane [37,54] is
m/z 60. At trisilane concentrations higher than about 0.18%, we get
saturation in the signal corresponding to m/z 60. Thus, to increase the
dynamic range for trisilane (i.e. the range of trisilane concentrations
that we can quantify), we exclude m/z 60 from our quantification of
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trisilane. Rather, we quantify the trisilane signal by integrating the sum
of all measured m/z below m/z 59.5 and above m/z 60.5. When pre-
senting data corresponding to the signals of trisilane and higher order
silanes (e.g. in the right panes of Fig. 2 and Fig. 3) we multiply the
trisilane signal with a factor equal to the ratio between the full mass
spectrum of trisilane and the mass spectrum of trisilane without m/z 60.
Introducing this multiplication improves the readability of the figures.
The absolute signal intensities as well as the ratio of signals intensities
from species with different number of silicon atoms are arbitrary.

The data treatment and data analysis related to the GC-MS mea-
surements are done in the programs Agilent Mass Hunter Qualitative
Analysis B.07.00 and Matlab version R2014b.

3.3. Measurement uncertainty

Based on a set of 30 independent measurements of our most con-
centrated calibration standard, taken over the same period as the
measurements presented in this paper, we estimate uncertainties (em-
pirical standard deviations in absolute volume percent) of + 0.013%
for monosilane, + 0.002% for disilane and * 0.009% for trisilane.
Given the concentrations in this calibration standard (see Section 3.2),
we have relative empirical standard deviations below 1% for mono-
silane, below 1.5% for disilane and below 10% for trisilane. These va-
lues give the combined uncertainty of the GC-MS measurement setup
itself and the uncertainty of the concentration in the sample injected
from the calibration bottle.

The reactor introduces another source of uncertainty to our setup.
Based on a set of 12 measurements at equal reactor condition (500 °C
and 5% monosilane inlet concentration) taken within one day, we still
get relative empirical standard deviations below 1% for monosilane,
below 1.5% for disilane and below 10% for trisilane as well as for the
higher order silanes present at the given conditions.

When we compare measurements at the same reactor conditions
from several days, we observe a day-to-day variation giving a somewhat
larger uncertainty, especially for the higher order silanes, of which the
absolute concentrations are low. The results shown in Fig. 2 and Fig. 3
are presented such that all data in one pane is taken in one single day.
We therefore expect that the relative values of the points within each
pane of these figures have relative standard deviations below 10%. In
the upper pane of Fig. 2, we have plotted representative standard de-
viation bars, indicating the magnitude of the day-to-day variation in the
monosilane, disilane and trisilane signals.

3.4. Hazards and safety

Monosilane and hydrogen are dangerous to handle. To reduce the
risk related to experimentation with these gases, we are using a small
reactor with an inner reactor volume of only 14.4 cm? (see also Section
3.1). The reactor is placed in a separate room, which is well ventilated
and equipped with gas sensors that will automatically shut down the
gas supply if monosilane or hydrogen is detected outside the reactor. To
further reduce the risk of gas leakage, we pressure test the reactor and
all related equipment before each experiment. The equipment is tested
at a pressure higher than the pressure of the planned experiment to
verify that gas won’t leak out of the reactor. Further, it is tested at low
pressure (about 0.35 bar) to verify that gas won’t leak into the reactor.
The under-pressure test also ensures that no moisture is present in the
reactor. The presence of moisture would cause the pressure to rise
during an under-pressure test.

All gas lines in our setup are equipped with one-way valves to make
sure that hazardous gasses cannot flow backwards into other gas lines
in the case of a system failure. For the same reason, we keep the
pressure in the silane line lower than the pressure in the other gas lines.
Then, even in case of failure in the one-way valves silane will not leak
into the other gas lines.

During experimentation, the reactor operator sits in a separate
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Fig. 2. Outlet concentrations of various silanes as functions of monosilane inlet concentration at different temperatures. Left panes) Absolute output concentrations of
monosilane, disilane and trisilane. Right panes) Uncalibrated signals for trisilane and higher order silane isomers. The reactor temperature is indicated in each pane.
Grey areas indicate settings that were not tested because of reactor clogging or risk of reactor clogging. The grey diagonal lines in the left panes are guides for the eye
and indicate equal inlet and outlet monosilane concentrations. The deviation of the dark-green line from the grey line indicates the extent of reaction. The re-
presentative standard deviation bars in the upper panes are calculated from a set of 23 measurements at equal reactor conditions, taken over several different days
(see Section 3.3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

control room from which he or she remotely controls the experimental
setup including gas supply, temperature and pressure control and
GC-MS measurements. If the operator needs to enter the reactor room
during operation, he or she wears fire-proof clothing, ear protection and

a face shield.

4. Results

4.1. Formation of higher order silanes as a function of monosilane inlet

concentration

Fig. 2 shows outlet signals of monosilane and various higher order
silanes as functions of monosilane inlet concentration during mono-
silane pyrolysis at different reactor temperatures. The left panes of the
figure show absolute outlet concentrations of monosilane, disilane and
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article.)

trisilane plotted with a linear axis. The right panes show uncalibrated
signals for various higher order silane isomers plotted with a loga-
rithmic axis. Trisilane is included in both panes for clarity and com-
parison. The reactor temperature is increased from top to bottom of
Fig. 2, as indicated by the figure annotations. Grey regions in the plots
indicate settings for which production rates of large pyrolysis products
or particles are so high that the reactor or parts of the related system
clogged, or settings we did not test because we expect clogging. For
example, at a reactor temperature of 470 °C, the system clogged at 70%
monosilane inlet concentration. Therefore, we did not test concentra-
tions above 70%. At a reactor temperature of 480 °C, the system
clogged at 50% monosilane inlet concentration. Therefore, we did not
test concentrations above 50%, and so forth. Reactor clogging and the
effects leading to it are further discussed in Section 5.2.

We have absolute calibrations only for the signals of mono-, di-, and
trisilane, not for the higher order silanes (see Section 3.2). Based on
electron capture cross sections for hydrocarbon isomers [55], we as-
sume that species with the same number of silicon atoms have very
similar electron capture cross sections and therefore similar MS re-
sponse factors [37]. Therefore, when studying the results shown in the
right panes of Fig. 2, we can directly compare the uncalibrated signals
of, for example, two tetrasilane isomers and assume that they give a
good indication of the relative concentration of the two isomers. We
cannot, however, directly compare the outlet concentration of, for ex-
ample, a tetrasilane isomer with that of a pentasilane isomer, because
these species have different unknown MS response factors (see also
Section 3.2).

The grey diagonal lines in the left panes of Fig. 2 indicate zero
conversion, i.e. outlet concentration equal to inlet concentration. The
conversion of monosilane to other species is in other words represented
by the deviation of the dark-green line, indicating the monosilane outlet
concentration as measured by the GC analysis, from the grey line,

indicating the inlet concentration of monosilane as measured by the
MEFECs. The green line being higher than the grey line at 450 °C (upper
panes of Fig. 2) is unphysical. We believe that this apparent negative
conversion of monosilane to other species is explained by the un-
certainty related to the GC-MS and the MFCs in our setup (see Sections
3.1 and 3.3).

When comparing the panes corresponding to different temperatures
in Fig. 2, one notes an increase in monosilane conversion with tem-
perature. One further notes that the higher the temperature, the higher
is the growth rate of the outlet concentrations of di- and trisilane as
function of monosilane inlet concentration. The same is the case for the
higher order silanes: the higher the reactor temperature, the higher is
the growth rate of the outlet concentration of these species as function
of monosilane inlet concentration.

Reactor clogging is, in each temperature setting, occurring at similar
outlet concentration of higher order silanes. The trisilane signal, for
example, is in most of the temperature settings reaching a concentra-
tion between 0.3% and 0.4% before the reactor clogs. This level is
reached at lower inlet concentration when the reactor temperature is
higher.

At 450 °C (upper, right pane of Fig. 2) the signals of the higher order
species grow at similar rates as function of inlet concentration, causing
parallel lines in the semilogarithmic plot. At 460 °C most lines are still
parallel, but the cyclohexasilane (cyclo-SigH;5) signal is growing faster
with monosilane inlet concentration than the signals of most of the other
species. The cyclopentasilane (cyclo-SisHjp) signal is also increasing
faster than the signal of most of the other species. In the data for reactor
temperatures of 460 °C and higher, we also notice a remarkable behavior
of the cyclotetrasilane (cyclo-SisHg) signal. This signal first increases re-
latively quickly with inlet concentration and then flattens out at higher
inlet concentrations. The special behavior of the cyclic higher order si-
lanes is further discussed in Sections 5.1 and 5.4.
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4.2. Formation of higher order silanes as a function of reactor temperature

The results in Fig. 2 indicate that the formation of higher order si-
lanes during monosilane pyrolysis varies both with inlet concentration
and temperature. To further investigate the effect of reactor tempera-
ture on formation of higher order silanes, we conduct experiments in
which we keep the monosilane inlet concentration fixed and vary the
reactor temperature. Since the reactor history can influence the reac-
tion chemistry, scanning along the temperature dimension does not
necessarily give the exact same result as scanning along the con-
centration dimension.

The results of investigations with fixed concentration and varied
temperature are presented in Fig. 3. The upper panes show the result of
investigations with 10% monosilane inlet concentration. The lower
panes show the result of investigations with 20% monosilane inlet
concentration. As in Fig. 2, the left panes show calibrated outlet con-
centrations of mono-, di-, and trisilane, and the right panes show un-
calibrated signals for trisilane and higher order silanes. The left panes
are plotted with a linear axis, whereas the right panes are plotted with a
logarithmic axis. Some parameter combinations are represented both in
Fig. 2 and Fig. 3. Even so, the data are from different measurement
series, obtained at different days. As we elaborate in Section 3.3, there
can be minor differences between data obtained at different days.

As in Fig. 2, the grey lines in the left panes indicate zero conversion
of monosilane. The chemical conversion of monosilane to other species
is thus represented by the deviation of the dark-green line, representing
the monosilane inlet concentration as measured by the GC analysis, and
the grey line, representing the monosilane inlet concentration, as
measured by the MFCs.

The monosilane outlet concentration decreases with temperature
both at 10% and 20% monosilane inlet concentration (upper and lower
pane of Fig. 3). This decrease indicates that the monosilane conversion
increases with temperature. The outlet concentrations of all the other
species increase with temperature at the lower temperatures. At higher
temperatures, they flatten out, reach a maximum, and eventually start
to decrease with temperature. The temperature of the maximum outlet
concentration depends on the inlet concentration. At 20% monosilane
inlet concentration (lower pane of Fig. 3) the maximum of the disilane
concentration appears around 500 °C. At 10% monosilane inlet con-
centration (upper pane of Fig. 3) the disilane outlet concentration
seems to flatten out and reach a maximum at around 510 °C or 520 °C.
Since our highest measured temperature in this series is 520 °C, our
data is inconclusive regarding the exact temperature of the maximum
outlet concentration.

The observed behavior with a maximum in outlet concentration of
the higher order silanes as function of reactor temperature agrees well
with results that we have reported earlier [20,21,31,53] and with re-
sults reported by others [17,18,56].

The behavior of the cyclic silanes constitutes a difference between
the results at 10% monosilane inlet concentration and 20% monosilane
inlet concentration. At 10% monosilane inlet concentration (upper pane
of Fig. 3), the cyclopentasilane signal increases slightly faster with
temperature than the signals of the other pentasilanes. Similarly, the
cyclohexasilane signal increases slightly faster than the signals of the
other hexasilanes. At 20% monosilane inlet concentration (lower pane
of Fig. 3) this effect is even more pronounced: the cyclopentasilane
signal increases considerably faster than the signals of the other pen-
tasilanes and end up at a signal strength which is comparable to that of
the tetrasilanes. The cyclohexasilane signal increases considerably
faster than the signals of the other hexasilanes and end up at a signal
strength which is comparable to that of the non-cyclic pentasilanes.
Note, however, that the MS response factors for these species are un-
known (see Section 3.2). We can therefore not conclude that the con-
centration of cyclopentasilane is comparable to that of the non-cyclic
tetrasilanes or that the concentration of cyclohexasilane is comparable to
that of the non-cyclic pentasilanes.
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At the highest temperatures we measure (> 520 °C), the decrease in
outlet concentration with temperature is more pronounced for cyclo-
pentasilane than for the other pentasilanes. Similarly, the decrease in
outlet concentration with temperature is more pronounced for cyclo-
hexasilane than for the other hexasilanes.

The special behavior of the cyclic silanes compared to that of the
non-cyclic ones is in line with the observations discussed in Section 4.1
and also with results that we have published earlier [37] and results
published by other groups [23,27,36,57]. These results are further
discussed in Sections 5.1 and 5.4.

5. Discussion
5.1. Interlinking of reactor process parameters during monosilane pyrolysis

Many externally controlled parameters influence the formation
rates of higher order silane species during monosilane pyrolysis. In
addition to temperature and monosilane inlet concentration, which are
devoted most attention in this paper, other important parameters in-
clude the reactor geometry itself, flow rates, choice of diluent gas, and
the presence of silicon particles. These parameters span a multi-di-
mensional parameter space. Several studies ([17,18,20,21,31,53,56]
and others) have investigated the formation of higher order silanes
during monosilane pyrolysis and reported a maximum in the con-
centration of higher order silanes as function of temperature. The
temperature at which the highest outlet concentration is observed
varies between these studies. This variation can be caused by deviations
in any of the parameters spanning the multidimensional parameter
space mentioned above. In one of our earlier contributions [31] we
studied how temperature and residence time together influence the for-
mation of higher order silanes during monosilane pyrolysis. In the
present contribution we study how temperature and monosilane inlet
concentration together influence this process.

Fig. 4 shows the two-dimensional landscapes for outlet concentra-
tions of disilane (left pane) and trisilane (right pane) as functions of
temperature and monosilane inlet concentration. Fig. 5 shows the same
landscapes for selected tetrasilanes, pentasilanes and hexasilanes. These
figures are different representations of the data shown in Fig. 2 and
Fig. 3. The data collection is the same. Each datapoint in the figures is
the result of a GC-MS measurement (see Section 3.2). Along the tem-
perature dimension, there are datapoints at 450 °C, 460 °C and further
with intervals of 10 °C in the entire temperature range. Along the
concentration dimension, there are datapoints at 2.5%, 5%, 10%, 20%
and further with intervals of 10% in the rest of the concentration range.
Interpolation between these datapoints is done in graph plotting by
Matlab version R2014b.

The outlet concentration in Fig. 4 is shown in volume percent. Since
we lack calibration standards for the higher order silanes with more
than three silicon atoms (see Section 3.2), the data in Fig. 5 is in ar-
bitrary units. The black lines in Fig. 4 indicate the outer border of the
parameter combination space that we were able to measure without
being hindered by clogging of the reactor or the related equipment. The
hatched area indicates conditions at which no measurement was made
either because clogging was anticipated or because of limitations in
available laboratory capacity. In Fig. 5 these indications (black line and
hatched area) are omitted for increased readability.

We deliberately chose not to conduct measurements at all reactor
conditions to avoid severe reactor clogging or permanent damage of
related equipment.

Fig. 4 indicates that the highest outlet concentrations of di- and
trisilane are found at different reactor conditions. We observe the
highest outlet concentration of disilane at 460 °C and 100% monosilane
inlet concentration, whereas we observe the highest outlet concentra-
tion of trisilane at 480 °C and 50% monosilane inlet concentration.
These are the conditions that give the highest outlet concentrations that
we can measure rather than the overall maximum concentration. Higher
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Fig. 4. Map of outlet concentrations of disilane (left pane) and trisilane (right pane) as function of reactor temperature and monosilane inlet concentration. The outlet
concentrations are given in volume percent. The black lines indicate the outer border of the parameter combination space that we were able to measure without being

hindered by clogging of the reactor or the related equipment.

concentrations than those we report here might be attained at the re-
actor conditions that we are hindered from exploring due to system
clogging.

The higher temperature of the maximum point in our measured
trisilane concentration landscape compared to the maximum point in
our measured disilane concentration landscape can be related to the
fact that trisilane has higher rank than disilane in the monosilane
pyrolysis reaction network. The concentration of a certain species in the
reactor exhaust results from a balance between the reactions that

produce the species and the reactions that consume the species. The
differences between the trisilane and disilane concentrations point to
subtleties in the balance between the formation and destruction reac-
tions of these species. The present work provides a goalpost for detailed
kinetic modelling. Such modelling, however, is outside the scope of our
work.

Fig. 5 indicates that we measure the highest signal of all the non-
cyclic tetrasilane and pentasilane isomers that we investigate at 480 °C
and 50% monosilane inlet concentration. For the non-cyclic hexasilanes
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Fig. 5. Map of outlet concentrations (in arbitrary units) of selected tetrasilane, pentasilane and hexasilane isomers as function of reactor temperature and monosilane
inlet concentrations. As we haven’t yet identified the different non-cyclic hexasilane isomers, we have labeled them with numbers (1, 2, 3). Each isomer is plotted
with different linear arbitrary scales, made for optimizing the contrast for that isomer. The numbers printed in white in the lower left corner of each pane indicate the

range [lowest value, highest value] of the datapoints in the respective pane.
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we measure the highest signal either at 480 °C and 50% monosilane
inlet concentration, or at 470 °C and 70% monosilane inlet concentra-
tion.

The cyclic silanes follow a different pattern. Cyclopenta- and cy-
clohexasilane differ from the other species by the high signal attained at
500 °C and 40% monosilane inlet concentration. Cyclotetrasilane show
the highest signal at 480 °C and 50% monosilane inlet concentration. As
opposed to all the other species we detect, it attains a relatively high
value also at 480 °C and 40% monosilane inlet concentration. All the
cyclic species have a relatively low signal at 470 °C and 70% mono-
silane inlet concentration compared to the non-cyclic species.

Summing up the observations in Fig. 5 we see that there is a general
tendency for the cyclic species to reach high outlet concentrations at
lower monosilane inlet concentrations and higher temperatures than the
non-cyclic species. The low monosilane inlet concentration of the
maximum point in the measured higher order silane concentration can
be explained by the high stability of the cyclic silanes relative to the
non-cyclic ones [23,27,45] (see also Section 5.4). Because of this high
stability, it will, once formed, be unlikely that a cyclic species decom-
poses. Relatively high concentrations of cyclic species can therefore
build up even at low monosilane inlet concentrations. The high tem-
perature of the maximum point in the measured higher order silane
concentration can be explained by the high rank of cyclic silanes in the
monosilane pyrolysis process. Forming a cyclic silane requires more
chemical steps than forming a linear silane with the same number of
silicon atoms. The probability of forming a cyclic silane is thus de-
pendent on the rates of several intermediate steps, each of which de-
pend on temperature. The majority of these steps are endothermic,
meaning that they will proceed faster at a higher temperature.

As we will explain in more detail in Section 5.4, the cyclic species
play a key role in the formation of particles. We therefore hypothesize
that if one desires avoiding particle formation through heterogenous
nucleation, one should avoid parameter combinations that cause ex-
tensive production of cyclic silanes. The maps in Fig. 5 suggest that low
temperatures and high monosilane inlet concentrations are favorable to
prevent the concentrations of cyclic species form building up during
monosilane pyrolysis.

5.2. Clogging of reactor and related equipment

We would like to emphasize that clogging and the parameter com-
bination at which it happens are not a main result of our research.
Rather, it should be considered an unwanted side effect of our experi-
mentation. Nevertheless, the results displayed in Fig. 2, Fig. 4 and Fig. 5
show that there is a general trend that clogging of the system appears at
lower silane inlet concentration when the reactor temperature is in-
creased. The experiments conducted at 490 °C and 500 °C run counter
to this trend. At 490 °C, the setup clogged already at 40% monosilane
inlet concentration, whereas at 500 °C it clogged at 50% monosilane
inlet concentration. As of now, we do not know the cause of this de-
viation from the normal trend with the system clogging at lower con-
centration when the temperature is increased.

We hypothesize that the clogging mechanism is different at different
temperatures. At high temperatures (500 °C and higher) we observe
large amounts of particles in the reactor and we assume that the clog-
ging is mainly caused by these solid particles. At lower temperatures,
we observe fewer particles. Still, we experience that the system (for
example the filters or the pressure regulator, see Fig. 1) is clogging,
causing the reactor pressure to rise. We hypothesize that the clogging at
these temperatures is caused by higher order silanes with high boiling
points, rather than only by solid particles. Silanes with four or more
silicon atoms have boiling points above 100 °C [37]. These silanes can
therefore easily condense at cold surfaces and cause or contribute to
clogging of our system.
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5.3. Trends in the formation of higher order silanes

Fig. 2 in Section 4.1 indicates that at a reactor temperature of 450 °C
the ratio between the signals of the various higher order silane species
are approximately constant over a large range of monosilane inlet
concentrations. With few exceptions, for monosilane inlet concentra-
tions in the range from 60% to 100%, the ratio of the n-tetrasilane
signal to the signal of any of the higher order silanes with 4-7 silicon
atoms is constant to within 30%. For higher order silanes with 8 silicon
atoms, the same is true to within 40%. This is the case although the n-
tetrasilane signal is approximately three orders of magnitude stronger
than the heptasilane and octasilane signals. At higher reactor tem-
peratures (460 °C and higher, rows 2 through 6 in Fig. 2), the ratios
between the signal of the higher order silanes differ more.

Similar results have been discussed by other authors. Veprek et al.
[36] observed a constant ratio among the concentrations of all the
higher silanes relative to each other, as well as to monosilane for the
entire range of experimental conditions where the authors did not ob-
serve nucleation during silane glow discharge at varied current den-
sities. Based on their observations, they suggested that there exists a
dynamic equilibrium between the higher order silanes. Swihart and
Girshick [23] considered the role of equilibria during monosilane pyr-
olysis by analyzing monosilane pyrolysis both with kinetic and ther-
modynamic simulations. Although the overall thermodynamic equili-
brium for monosilane pyrolysis in hydrogen is nearly complete
conversion to solid, crystalline silicon and gaseous hydrogen, Swihart
and Girshick claimed that the kinetics are such that they hinder the
system from reaching this overall equilibrium state. Under many con-
ditions, there are kinetic bottlenecks that will limit the nucleation rate,
thus hindering the system from reaching equilibrium [23]. They report
that for many conditions there is a kinetic bottleneck for growth from
higher order silanes containing 7 silicon atoms to higher order silanes
containing 8 silicon atoms. In their interpretation [23], evidence for the
bottleneck is that all species with seven or fewer silicon atoms are in
partial equilibrium with each other.

The nearly constant ratio that we observe between the signals of
several higher order silanes at 450 °C appear to be in line with the
considerations by Swihart and Girshick [23] and suggests the presence
of a kinetic bottleneck to further growth from the species that we ob-
serve at this temperature. The fact that we at 450 °C were able to in-
crease the monosilane inlet concentration to 100% without observing
reactor clogging (see Section 4.1) supports the theory that some reac-
tion leading to particle formation does not happen or happens only at a
very low rate at this temperature. A reaction happening at a low rate
compared to other reactions may cause a kinetic bottleneck in the
network.

5.4. Trends in the formation and disappearance of cyclic higher order
silanes

Several authors (e.g. [23,27,36]) have, mainly through numerical
methods, pointed to the importance of cyclic silanes on the pathway to
formation of larger silicon clusters or particles during monosilane
pyrolysis. The same has been shown for disilane pyrolysis with ex-
perimental and numerical methods [57]. In our data, we observe two
trends in the formation and disappearance of higher order cyclic silane
species. First, the signals of these species increase faster than their non-
cyclic counterparts as a function of temperature or monosilane inlet
concentration (Fig. 2 and Fig. 3). Second, the signals of the same species
decrease faster at high temperatures (Fig. 3).

The increase in the concentration of cyclic silanes can be explained
by the stability of cyclic silanes compared to their non-cyclic counter-
parts [23,27,45] and by the mechanism that has been suggested for the
pyrolysis process. Several authors [23,27,36,57] have suggested that
the road to cluster formation includes the formation of higher and
higher order silanes until a relatively stable, cyclic polysilane is
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produced. From this cyclic species the elimination of silylene is unlikely
since it requires the simultaneous breaking of two silicon-silicon bonds
[23,36]. Once a cyclic silane is formed, it will therefore be relatively
unlikely that it decomposes to two separate silicon-containing species.
Specifically, it has been predicted [27] that, at reactor conditions of 750
°C and 10% monosilane inlet concentration, cyclopentasilane will be
the most abundant of the pentasilane isomers. This prediction, which
Wong et al. [27] arrived at through kinetic modelling, is in good qua-
litative agreement with our experimental results.

The fast decrease in the signals of cyclic silanes compared to non-
cyclic silanes at higher temperatures (see Fig. 3) suggests that cyclic
species are consumed faster than non-cyclic species when particles are
formed. The observed decrease tempts us to speculate that cyclic silanes
— to a larger degree than non-cyclic silanes — are built into larger three-
dimensional, polycyclic structures which form the basis for particle
formation. Similar ideas have been suggested by other authors. These
authors argue that silylene elimination from a cyclic silanes is unlikely,
but that hydrogen, on the other hand, relatively easily can be elimi-
nated from cyclic species [23,36]. Hydrogen elimination will leave a
reactive site which can easily react with e.g. silylene [36]. Cyclic spe-
cies can thus relatively easily grow further into larger three-dimen-
sional species [23,36] forming the basis for particle formation.

Veprek et al. [36] have reported a sudden decrease in the con-
centration of higher order silanes at the onset of particle formation in
their experiments, similar to what we observe in our data. These au-
thors report that the decrease was most pronounced for tetra- and
pentasilane, which were the highest order silanes they were able to
detect [36]. Based on their observations, they suggest that higher order
silanes were readily consumed by particle formation because these
species form the basis for the particles. We are able to measure even
higher order silanes than Vepfek et al. [36] and to differentiate between
various isomers. We can thus add nuance to their statement by sug-
gesting that especially higher order cyclic silanes are strongly consumed
by particle formation.

As of now, we have identified cyclic tetrasilane, cyclic pentasilane
and cyclic hexasilane in our measurements (see Fig. 2, Fig. 3 and
Fig. 5). We have not yet identified the various heptasilane species.
Studying the signal development of various species as function of
temperature at 20% monosilane inlet concentration (lower right pane
of Fig. 3), we notice that one of the heptasilane isomers exhibits a
special behavior compared to the other heptasilanes. The signal of this
special heptasilane isomer, which is indicated with circular symbols in
the plot, develops faster than the other heptasilane signals as a function
of temperature and reaches a maximum signal comparable to that of the
strongest non-cyclic hexasilane signal. At the highest temperature the
decrease with temperature is more pronounced for this signal than for
the signals of the non-cyclic hexa- and heptasilanes. This development
is very similar to what we observe for cyclopenta- and cyclohexasilane.
We therefore speculate that this heptasilane isomer is cyclic. If the
identification of the cyclic heptasilane is correct, the special behavior of
the cyclic silanes discussed above holds true for cyclic heptasilane in
addition to cyclic tetra-, penta- and hexasilane.

6. Conclusion

We have developed a miniature scale monosilane pyrolysis reactor
which we use in combination with GC-MS to investigate the formation
of various higher order silane species as a function of temperature and
monosilane inlet concentration during monosilane pyrolysis. Our re-
sults give experimental evidence to the special role of cyclic silanes in
the pyrolysis process, which have been pointed to, mainly by numerical
and theoretical works, by other authors [23,27,36].

In most of the temperature range we investigate (450-510 °C), we
find that the outlet concentrations of cyclic higher order silanes increase
faster as function of temperature or monosilane inlet concentrations
than the outlet concentrations of non-cyclic higher order silanes. At the
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highest temperatures we investigate (510-530 °C), we find that the
outlet concentrations of cyclic higher order silanes decrease faster as
function of temperature than the outlet concentrations of non-cyclic
higher order silanes. We hypothesize that the fast decrease in the
concentration at high temperatures appears because cyclic higher order
silanes, more than their non-cyclic counterparts, are likely to grow
further into larger silicon hydride species and eventually into particles.
This hypothesis implies that to reduce particle formation during
monosilane pyrolysis one should avoid parameter combinations at
which cyclic silanes are produced at high rates.

We realize that the formation and disappearance rates of all the
various higher order silane isomers are functions of a large, multi-
dimensional parameter space of which we have only explored two di-
mensions in this work. Nevertheless, our detailed mapping of higher
order silanes outlet concentration (see Fig. 5) indicates that at relatively
low temperatures (< 470 °C) and high monosilane inlet concentrations
(70-100%) monosilane pyrolysis takes place without extensive forma-
tion of cyclic higher order silanes. The results presented in this paper
thus suggest that low temperatures combined with high monosilane
inlet concentration is favorable for avoiding particle formation during
monosilane pyrolysis.
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