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ABSTRACT 
Silicon purification technologies based on monosilane pyrolysis hold the potential to 

significantly reduce the energy consumption and cost related to production of solar grade silicon 
for the photovoltaic industry. These technologies, however, have challenges related to dust 
formation causing reduced material quality and reduced production yield. The aim of this work is 
to help overcoming these challenges by providing fundamental understanding of the underlying 
monosilane pyrolysis process. 

A major shortcoming within the research field of monosilane pyrolysis has been the lack of a 
reliable tool to detect and identify higher order silane isomers, which are gas-phase intermediates 
in the monosilane pyrolysis process. This thesis describes the development of a gas 
chromatography-mass spectrometry (GC-MS) setup allowing for absolute quantification of 
mono-, di- and trisilane, as well as relative quantification of higher order silanes with up to nine 
silicon atoms. The GC-MS setup enables us to differentiate between higher order silane isomers 
with up to five silicon atoms and to identify one cyclic silane with six silicon atoms. Within this 
work we publish the mass spectra of six higher order silane isomers, which hitherto have been 
unknown in the literature. 

We apply the GC-MS technique in combination with different pyrolysis reactors to 
investigate monosilane pyrolysis as function of the reactor parameters temperature, monosilane 
inlet concentration and residence time. Our results hold a much larger degree of detail with 
regards to higher order silane isomers than any presented experimental results in the literature 
related to monosilane pyrolysis. Numerical works in the field, on the other hand, hold an 
impressive degree of detail, but lack experimental results regarding higher order silane formation 
for model validation. Our detailed, isomer-specific results can thus help closing the gap between 
modeled and experimental data in this field.  

Specifically, we find that the formation of cyclic silanes as a function of temperature and 
monosilane inlet concentration have characteristic differences from the formation 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, mainly through numerical and theoretical works.  

Since cyclic silanes are key species in the particle nucleation process during monosilane 
pyrolysis, we hypothesize that avoiding such species can help to reduce particle formation in 
monosilane pyrolysis reactors. Our detailed mapping of the formation of higher order silanes 
indicate that the cyclic silanes reach their highest concentrations at higher temperatures and 
lower monosilane inlet concentrations than the non-cyclic silanes. We therefore suggest that low 
temperatures combined with high monosilane inlet concentration are favorable for suppressing 
particle formation. We hypothesize that this parameter combination, which cause relatively low 
concentrations of cyclic silanes, but high concentrations of non-cyclic silanes, is favorable both 
to suppress nucleation and to promote heterogeneous pyrolysis, which is the desired process in a 
silicon production perspective. 
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1.  MOTIVATION   
 
Access to electricity has long been one of the key factors for development of our society. In 

today’s industrialized countries, the access to electricity has, to a large extent, been coming at the 
cost of negative environmental impact in the form of CO2-emissions. One of the most important 
questions of our times is thus how the population of less economically developed countries can 
get to a standard of living, including access to energy, comparable to what the more 
economically developed countries hold, without causing the same amount of emissions. A 
similar, and just as important, question is how the industrialized countries can make their 
electricity production more environmentally friendly. 

The fast development of photovoltaics (PV) as an electricity source plays a key role in 
answering the two above mentioned questions. In 2017, PV was the fastest growing electricity 
source (in terms of installed capacity) globally, and forecasts predict that it will grow rapidly also 
in the coming decades [1,2]. Forecasts do further predict that the market share of above 90 % for 
silicon based solar cells will stay unchanged [1]. Figure 1 illustrates how the global silicon 
demand, based on these forecasts as well as state-of-the-art numbers on silicon need per installed 
Wp [1], will develop in the coming years. 
 

 

Figure 1: Forecast for global silicon demand, based on predicted global installation rates of Si-based PV [2] as well as state-of-
the art numbers for silicon usage pr. installed capacity[1].    

Silicon is cheap, easily available and suited for utilizing the energy provided by solar 
radiation. The purification of the silicon is, however, rather energy demanding. Up to 40 % of the 
energy needed for the production of a solar panel based on multicrystalline (mc) silicon cells is 
consumed during the preparation and purification of the silicon feedstock [3]. 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 
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payback time. Recent analyses [4] show that reducing the energy consumption for solar grade 
silicon production by 15–17 kWh/kgSi is, in a CO2 emission perspective, equivalent to a 1 % 
increase in the baseline efficiency for mono Si and mc Si PV modules. Therefore, developments 
in the silicon purification industry can strongly contribute to providing access to electricity in an 
environmentally friendly way.  

More than 80% of the polysilicon consumed by the solar industry is produced by thermal 
decomposition of trichlorosilane (SiHCl3) [1] in the so-called Siemens process. This process is 
well understood and can give ultrapure (9N-11N) high quality silicon. The energy requirement of 
the process is, however, rather high and the one-pass conversion is low, meaning that recycling 
of byproducts is necessary. One way of reducing the overall energy consumption during solar 
cell production is to replace the Siemens process by pyrolysis of gaseous monosilane. 

The production of solar grade silicon (SG-Si) by pyrolysis of gaseous monosilane is typically 
carried out in an fluidized bed reactor (FBR). The FBR has lower energy consumption than the 
Siemens reactor per kg produced silicon ([4–6] and others). Moreover, the chemical yield is 
higher and the possibility for continuous operation, rather than batch wise operation as in the 
Siemens reactor, makes it an economically favorable process. There are, however, challenges 
related to dust formation during the monosilane pyrolysis process. Fines formation constitutes a 
competing chemical pathway to the desired solid silicon production and therefore causes a 
reduced chemical yield. Moreover, fines formation leads to challenges with reactor clogging and 
reduced material quality. Overcoming these challenges requires understanding of the chemical 
complexity hidden in the hundreds of reactions on the way from gaseous monosilane to solid 
silicon.  

PV electricity production does not always temporally match electricity demand. Therefore, 
powering the globe with PV requires efficient ways to store energy. Li-ion batteries have during 
the last decades become an increasingly important energy storage option. Graphite is the most 
commonly used anode material in such batteries, but silicon is gaining attention as a potential 
anode material because it has capacity than graphite [7]. 
There are practical challenges, however, related to large volume variations during 
lithiation/delithiation cycles in silicon-based anodes. It turns out that controlling the size and 
structure of the silicon nanoparticles used in the anode can help solving these challenges. 
Fundamental understanding of the pyrolysis process in which these nanoparticles are produced is 
thus valuable for the further development of Li-ion batteries.  

It is my aim with this thesis to provide fundamental understanding on the reactions involved 
in monosilane pyrolysis to help optimizing the monosilane-based silicon production process. It is 
my hope that silicon producers will find my results useful and that my conclusions can be 
stepping stones on the way to a more environmentally friendly solar silicon production. I further 
hope that the knowledge that I unveil can help the development of silicon anodes in Li-ion 
batteries. Together, these technologies, silicon based PV technology and battery technology 
including silicon anodes, contribute to powering humanity with renewable energy.
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2.  STRUCTURE OF THESIS 
 
This thesis is written as a collection of articles. The articles are appended at the end of the 

thesis. The purpose of writing a main text in addition to these articles is twofold. First, I want to 
provide the reader with sufficient theoretical background information and experimental details to 
understand the results discussed in the appended papers. Second, I want to build an overarching 
framework in which I link the results of the individual papers. 

The thesis is divided in three parts, presented in the following. 

PPART 1: INTRODUCTION 

The first part constitutes the introduction to the thesis and is divided in three chapters. In 
Chapter 1, I describe the motivation for my scientific work. In Chapter 2 (the present chapter), I 
present the structure of the thesis. In Chapter 3, I give a summary and a specification of my 
contribution to each of the appended papers.  

PART 2: BACKGROUND 

The second part aims at providing the reader with necessary theoretical background for 
understanding the results in the appended papers and to follow the discussion of them. It also 
explains the motivation for my work in more detail. This part is also divided into three chapters. 
In Chapter 4, I give a brief introduction to the most important processes related to silicon 
production. This chapter is important to understand the potential role of monosilane pyrolysis in 
industrial silicon purification processes. In Chapter 5, I give some basics of chemical kinetics. 
Even if most of the concepts discussed here are text book topics, this chapter is helpful for 
readers who are not familiar with chemical kinetics or physical chemistry. Chapter 6 is a 
literature review in which I consider monosilane both from a chemical perspective and also from 
a reactor operation perspective. In this chapter, focus is given to the works and topics that are of 
most relevance for the understanding and application of the result presented later in the thesis 
and in the appended papers. 

PART 3: NEW CONTRIBUTION 

In the third part, I describe the contribution made within my PhD project. This part is also 
divided in three chapters. In Chapter 7, I present the experimental methods and setups that are 
used and developed within the project. The most important parts here are the different 
monosilane pyrolysis reactors and the gas chromatography-mass spectrometry (GC-MS) setup. 
Chapter 7 further contains a section describing our processes for data selection and data 
processing. These processes have also been developed as a part of this work. In Chapter 8, I 
present and discuss the most important results of my work as a whole. I further discuss what 
implications these results might have for the design of industrial production processes. In 
Chapter 9, I sum up and conclude my thesis and give suggestions for further work.
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UUse of personal pronouns “we” and “I” 

As the writer of this thesis, I use the personal pronoun “I” to indicate my own active voice in 
the text. I typically use this form at the beginning of each chapter where I present the subchapters 
therein, when I talk about what I have chosen to include in a figure or otherwise when I want to 
express the active choices of the writer.  

 Most of the experimental work described in this thesis has been conducted within a team of 
colleagues. Therefore, when I describe our experimental work, I use the personal pronoun “we” 
to indicate that I talk about the work of a group rather than the work of one single person. The 
appended papers and the discussions therein are also, of course, not exclusively mine. Therefore, 
I use the personal pronoun “we” also in my presentation and discussion of the results of these 
papers. 

Recommendation on reading order  

Readers wanting to get the best possible in-depth understanding of this work, are 
recommended to read first Part 1 and Part 2, then read the appended papers and, at last, read 
Part 3. Other reading orders are of course also possible. 
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3.  SUMMARY OF APPENDED PAPERS 

Paper I 

CCritical Nucleation Concentration for Monosilane as Function of Temperature Observed in a Free 
Space Reactor 
G.M. Wyller, T.J. Preston, H. Klette, Ø. Nordseth, T. Mongstad, W.O. Filtvedt, E.S. Marstein.  
Energy Procedia, vol. 92, no. 1876, pp. 904–912, 2016. 
 

This paper presents experimental results for the critical concentration for particle nucleation 
from monosilane diluted in hydrogen for varying temperatures. For temperatures below 500 ºC 
and above 600 ºC we observe a linear relation between inverse temperature and corresponding 
critical nucleation concentration plotted semi-logarithmically, corresponding well to the 
literature. For intermediate temperatures, the reaction shows a much weaker temperature 
dependence. We further use gas chromatography-mass spectrometry (GC-MS) to investigate the 
reactor outlet concentration of disilane and trisilane in the same temperature region. 

Most of the data for this publication was acquired before G.M. Wyller started at IFE. She 
contributed as main author of the publication and conducted most of the data analysis and 
comparison of IFE's experimental data with experimental data from the literature. 

Paper II  

Thermal Decomposition of Monosilane observed in a Free Space Reactor 
G.M. Wyller, T.J. Preston, T. Mongstad, H. Klette, Ø. Nordseth, D. Lindholm, W.O. Filtvedt, E.S. Marstein.  
EU PVSEC XXXII 2BO.2.2, pp. 294–299, 2016. 
 

This contribution revolves around measurements of the outlet concentration of higher order 
silanes with up to four silicon atoms as function of temperature and monosilane inlet 
concentration during monosilane pyrolysis. The paper further includes results of CFD-modeling 
of the pyrolysis reactor. We observe that the outlet concentration of higher order silanes in the 
exhaust of a free-space reactor, in which monosilane pyrolysis takes place, shows a clear 
increase in a narrow reactor temperature range. We find that the temperature at which this 
elevated concentration occurs decreases with increasing monosilane inlet concentration. 

G.M. Wyller was the main author of the publication. She participated in the reactor operation, 
in developing and running the GC-MS for obtaining the experimental data and in the analysis of 
the experiments.
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Paper III  

IInfluence of temperature and residence time on thermal decomposition of monosilane 
G.M. Wyller, T.J. Preston, T. Mongstad, D. Lindholm, H. Klette, Ø. Nordseth, W.O. Filtvedt, E.S. Marstein.  
Energy Procedia, vol. 124, pp. 812–822, 2017. 
 

This article presents investigations of the formation of higher order silanes during monosilane 
pyrolysis with varied temperature and residence time. Our results indicate that the maximum 
outlet concentrations of higher order silanes shift to lower temperatures when the residence time 
is increased. The peak in outlet concentration as function of temperature, as well as its shift with 
residence time, is measured for silicon hydrides with up to nine silicon atoms.   

G.M. Wyller was the main author and contributor to the publication. She participated in 
building the reactor and had a leading role in planning and conducting the experiments described 
in the publication. G.M. Wyller also developed the GC-MS measurement technique applied in 
the experiments and analyzed the experimental data. 

Paper IV  

Identification of higher order silanes during monosilane pyrolysis using gas chromatography-mass 
spectrometry 
G.M. Wyller, T.J. Preston, H. Klette, T. Mongstad, E.S. Marstein.  
J. Cryst. Growth, vol. 498, pp. 315–317, 2018. 
 

This article demonstrates and describes in detail how our GC-MS system can be used to detect 
silicon hydrides with up to nine silicon atoms and identify specific isomers of silicon hydrides 
with up to five silicon atoms. With an-depth literature study, we collect boiling points of various 
higher order silanes. Unlike the boiling points for hydrocarbons, these numbers are not 
frequently cited or tabulated in the literature. We use this collated information in combination 
with mass spectrometric data to assign chromatographic peaks to specific higher order silane 
isomers. Finally, we publish six previously unpublished mass spectra of tetrasilane and 
pentasilane isomers and demonstrate how the GC-MS can be used to measure the formation of 
these isomer as function of reactor parameters in a silane pyrolysis reactor. 

G.M. Wyller was the main author and contributor to the publication. She conducted the 
literature study and the study of the mass spectroscopic data which together enabled the 
identification of the presented higher order silanes. 
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Paper V  

EExploring thermal pyrolysis of monosilane through gas chromatography-mass spectrometry 
measurements of higher order silanes 
G.M. Wyller, T.J. Preston, M.O. Skare, H. Klette, Anjitha.S.G., E.S. Marstein. 
Silicon for the Chemical and Solar Industry, Svolvær, pp. 267-275, 2018. 

 

In this contribution, we further develop our GC-MS measurement technique. By assuming a 
linear relation between the logarithm of the residence time of a species and the inverse of the 
boiling point temperature of the same species, we are able to identify another higher order silane 
isomer: cyclohexasilane, which turns out to be important in our further analyses of the 
monosilane pyrolysis process. In this contribution we do also, for the first time, use the GC-MS 
setup in combination with a novel milliliter per minute flow scale reactor with improved 
temperature, pressure and flow control, compared to our previous reactors.  

G.M. Wyller was the main author and contributor to the publication. She designed and 
planned the reactor that was used for the experiments, and she had a leading role in coordinating 
the construction of the reactor and the related infrastructure. She did further, in cooperation with 
others, conduct the experiments and analyze the data for the publication. 

Paper VI  

Combination of a millimeter scale reactor and gas chromatography-mass spectrometry for mapping 
higher order silane formation during monosilane pyrolysis 
G.M. Wyller, T.J. Preston, Anjitha S.Geetha, M.O. Skare and E.S. Marstein 
Accepted for publication in Journal of Crystal growth. 
 

This article presents detailed investigations of the formation of higher order silanes as 
function of temperature and monosilane inlet concentration during monosilane pyrolysis in a 
millimeter scale reactor. The reactor exhaust is analyzed with GC-MS. Our data gives 
experimental evidence for the special role of the cyclic silanes in the pyrolysis process, which 
has 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 formation gives indications as to 
which process parameters combinations promote the formation of cyclic silanes and which do 
not. 

G.M. Wyller was the main author and contributor to the publication. She led the optimization 
of the reactor and the related equipment and conducted most of the presented experimental work. 
She did further develop the data processing tool used for analyzing and presenting the 
experimental data.
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4.  SILICON PURIFICATION 
 
The development of solid-state electronics and information technology starting with the 

invention of the silicon-based transistor in the late 1940s has given rise to industrial processes for 
production of ultrapure silicon. Ultrahigh silicon purity (9N-11N) is necessary to ensure proper 
operation of semiconductor devices. For silicon solar cells, lower purities are acceptable. 
Nevertheless, the solar industry emerging in the 1970s applied electronic grade silicon (EG-Si) 
as well as rejected and downgraded material from the microelectronics industry. With the rapid 
growth of the PV industry at the beginning of the 21st century, expansion of silicon purification 
capacity processes was driven by the PV industry rather than by the semiconductor industry [8]. 
This section briefly reviews the most relevant of the silicon purification processes that are 
adapted from the microelectronic industries as well as those developed specifically for PV 
applications. The theory and chemical equations in the section are, unless otherwise mentioned, 
taken from references [8] and [9]. As the descriptions here are rather brief, readers interested in a 
more thorough introduction to the topic are referred to these two sources. 

4.1 From quartz to metallurgical grade silicon 

 The vast majority of the silicon present in the Earth’s crust is in the form of quartz/quartzite 
and silicates. Production of metallurgical grade silicon (MG-Si), which serves as a starting 
material for a large number of industrial products including silicones (polysiloxanes), aluminum 
alloys, fumed silica, electronic grade (EG-Si) and solar grade silicon (SoG-Si), proceeds by the 
carbothermic reduction of quartz with carbon. The process can be summed up by the following 
reaction:  

  R 4.1 

At an industrial scale, carbothermic reduction is performed in an electric arc furnace, with the 
arc driven by three graphite electrodes. Quartz as well as coal are loaded into the reactor and 
heated to temperatures about 2000°C. Liquid silicon produced by the reaction is collected near 
the reactor bottom, poured to a cast where it solidifies, and later crushed to chunks of desired 
size. The impurity content of the final MG-Si depends on the initial purity of the quartz and the 
coal fed to the furnace and is normally between 1 % and 2 %. Impurities that typically are 
present in the product are carbon, oxygen, iron, aluminum, calcium, arsenic, boron and 
phosphorus. Further purification of MG-Si to SoG-Si can be done through different pathways, 
including gas-phase processes as well as metallurgical processes, fluoride processes, plasma 
technologies and electrochemical processes. As gas-phase processes are most relevant in relation 
to the overall topic of this thesis, these processes will be given focus in the following sections. 
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4.2 Purification of MG-Si by gas-phase processes  

Amongst the various gas-phase processes that are applied for the purification of MG-Si, three 
general steps are common: i) synthesis of a volatile Si compound, ii) purification of the volatile 
compound and iii) decomposition to elemental solid silicon. There are, however, variations as to 
how these steps happen. Recovery of byproducts, which may be necessary depending on the 
variations of the three mentioned steps, is also an important process, but is not covered in detail 
here. 

4.2.1 Preparation of volatile silicon gas compounds 

Several volatile gas compounds, for example fluorides, bromosilanes, iodosilanes as well as 
different chlorosilanes, have been assessed for silicon purification. As per today, trichlorosilane 
(“TCS”, SiHCl3) represents the largest volumes and holds the largest commercial importance in 
the silicon industry, with monosilane (SiH4) being an important alternative. Reasons for using 
these gases are discussed in section 4.3. 

TCS is produced by hydrochlorination of MG-Si, most commonly carried out by reacting 
MG-Si with hydrogen chloride (HCl), in the following reaction: 

   R 4.2 
 

Monosilane is normally produced in a series of redistribution reactions in which TCS forms 
silicon tetrachloride (STC) as well as monosilane. The equilibrium reactions involved in the 
process are  

   R 4.3 
 

   R 4.4 
 

   R 4.5 
 

The overall stoichiometry of the process (3  R 4.3 + 2 R 4.4 + R 4.5 ) is thus 

   R 4.6 
 

which indicates that for each mole of monosilane produced, three moles of STC are generated. In 
terms of mass, this means that for each kilogram of monosilane produced, 16 kilograms of STC 
are produced as a byproduct. In large-scale silane production STC would be produced in so large 
quantities that it would strongly influence the commercial STC marked. It is therefore necessary 
to convert STC back to TCS. To obtain this, STC can be hydrogenated in the presence of MG-Si 
to regenerate TCS. Using the regenerated TCS as feed for the redistribution reactions (R 4.2 - R 
4.5) creates a closed loop process. 

4.2.2 Purification of the volatile silicon gas compounds 

During production of TCS (i.e. during hydrochlorination of MG-Si), also the contaminating 
species react to form metal chlorides (iron, aluminum, calcium and other transition metals) or 
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metalloid chlorides (carbon, phosphorous, boron) which mix into the TCS or into other produced 
volatile gas compounds. The heaviest metal chlorides do, however, stay in the solid phase or 
condense easily meaning that they relatively easily can be removed by unreacted MG-Si. Further 
purification of volatile silicon gas compounds (TCS, monosilane or others) is done by 
evaporation and condensation in fractional distillation columns. Several columns as well as 
chemical traps and filters are required to achieve the desired purity. 

4.3 From gas phase to solid state Silicon 

For the production of SoG-Si, purified silicon gas must be converted back to solid state 
silicon. This process, denoted as thermal decomposition or pyrolysis of the volatile silicon gas, 
has since the 1960s predominately been conducted in a Siemens reactor. Because of the high 
energy consumption of the Siemens process, alternative processes are being developed. The 
Siemens process, as well as some of the new, competing processes are reviewed here. 

4.3.1 Siemens reactor 

In the Siemens process (see Figure 2), a silicon containing reactant gas is fed into a hot-
filament reactor with U-shaped silicon rods (filaments) inside. The silicon rods are electrically 
heated to a temperature of about 1100°C (for TCS reactant gas) or 800-900°C (for monosilane 
reactant gas). Because of the high surface temperature of the rods, the reactant gas will 
decompose heterogeneously (see section 5.1) on the surface and a layer of very pure silicon 
develops on the rods. One reason why TCS is most frequently used as feed gas in these reactors, 
is the fact that reverse reactions will remove solid silicon that is loosely bound to the rod’s 
surfaces [10]. The removal of these loosely bound species ensures high quality of the deposited 
material. On the other hand, since reverse reactions remove silicon from the rod surface, some 
silicon gets lost in the exhaust gas. The overall yield of the process is therefore reduced [10]. 
When TCS is used as feed gas, the reaction taking place in the Siemens reactor can be 
represented by  

   R 4.7 
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Figure 2: Siemens reactor. (See also S. Pizzini, Ed., Advanced Silicon Materials for Photovoltaic Applications. Chapter 2: 
Processes. B. Ceccaroli, S. Pizzini. Chichester: John Wiley & Sons, 2012, and references therein.) 

The Siemens process can create high quality EG-Si. The process has, however, certain 
disadvantages related to its by-products and its energy consumption. First, the produced 
hydrochloric acid (HCl) (R 4.7) is highly corrosive and requires precautions regarding the 
handling of the reaction products. Second, for each mole of produced elementary silicon, 3 to 4 
moles of STC are produced [11]. Third, the maximum theoretical yield of the process is about 
23 % and the value achieved in practice is only about 15 % [6]. In order to increase the overall 
yield of the process, STC must be recycled to TCS that may be re-injected to the reactor (see also 
section 4.2.1). Because of the low reactivity of STC, this is an energy-demanding process. 
Fourth, in order to prevent the reactant gas from depositing on other surfaces than the silicon 
rods, the walls of the Siemens reactor must be cooled. Substantial work (e.g. Ref. [12]) has been 
done to reduce the energy consumption of the Siemens process. Nevertheless, the demand for 
cooling, in combination with the high temperature required for the silicon rods and the necessity 
of recycling STC, make the Siemens process an energy demanding and thus relatively expensive 
process. 

4.3.2 Fluidized bed reactor 

The fluidized bed reactor (see Figure 3), most commonly operated with monosilane instead of 
TCS as its reactant gas, is a less energy demanding alternative to the Siemens reactor. There are 
two main reasons for choosing monosilane rather than TCS as the reactant in this reactor. First, 
monosilane allows for a higher chemical yield than TCS, because reverse reactions are less 
prominent in monosilane than in TCS. Second, the temperature required to make heterogeneous 
decomposition (see sections 4.3.5 and 6.4.5) onto a silicon surface proceed at a rate which is 
sufficient for industrial silicon production is lower for monosilane than for TCS. Therefore, 
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monosilane reactors allow for lower process temperature and thus lower energy 
consumption [6,10]. 

 Under operation, a fluidized bed reactor is filled with silicon beads (seed particles). A so-
called fluidizing gas, normally hydrogen, is injected at high velocity from the bottom of the 
reactor. The gas stream will give rise to a drag force, which – as long as the seed particles’ 
weight is below a certain limit – will equalize their gravity causing them to behave like a liquid. 
The reactor bed is thus said to be fluidized. The reactant gas is fed through the bottom of the 
reactor. When silane molecules come close to the silicon beads they will tend to decompose. 
This thermal decomposition or pyrolysis is a complex process, consisting of numerous chemical 
sub- and parallel reactions. The overall reaction, however, can be represented by  

 
    R 4.8 

   
As a result of the overall reaction, solid silicon will be deposited on the silicon beads, causing 

them to grow. As the silicon beads grow, their gravity will increase compared to the upwards 
drag force caused by the fluidization gas. Larger beads will therefore tend to sink towards the 
reactor bottom, from where particles are harvested. Harvested particles are sorted according to 
size, and the smaller particles are fed back to the reactor with the seed particles for further 
growth.  

In sections 4.3.5 and 6.4.5, I explain in more detail the competing processes homogeneous and 
heterogenous monosilane pyrolysis that proceed in an FBR. Our research aims to provide 
fundamental understanding about these processes by unveiling the underlying chemistry. 

 

 

Figure 3: Fluidized bed reactor. (See also S. Pizzini, Ed., Advanced Silicon Materials for Photovoltaic Applications. Chapter 2: 
Processes. B. Ceccaroli, S. Pizzini. Chichester: John Wiley & Sons, 2012, and references therein.) 
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The energy consumption per kg SG-Si produced in an FBR reactor is approximately 5-8 kWh 
[13], whereas the corresponding number for material produced by the Siemens process is about 
40 kWh [14]. The reduced energy consumption in the FBR reactor is among others due to the 
significantly lower decomposition temperature of silane compared to TCS, as well as its 
complete deposition and accordingly high yield [11]. For a full energy-wise comparison of the 
two reactor types, however, one should take into account that monosilane, which is the reactant 
in the FBR reactor, is most commonly produced from a TCS feedstock (see section 4.2.1). The 
energy required for the production of the reactant gases (monosilane and TCS) is not included in 
the numbers stated above. 

4.3.3 Centrifugal chemical vapor deposition reactor 

Another method for production of solid silicon from silane, is the centrifugal chemical vapor 
deposition reactor (C-CVDR, see Figure 4) recently suggested by Dynatec [15]. The reactor 
chamber of the C-CVDR rotates at high angular velocity, setting up a centripetal field inside the 
reactor. The centripetal force serves to separate monosilane and hydrogen, both being injected 
from the reactor bottom. Monosilane, which is heavier than hydrogen, will be concentrated at the 
reactor wall, whereas hydrogen (both inlet gas flow and reaction by-product) will be 
concentrated near the reactor center, close to the exhaust tube. Higher order silanes that are 
produced in the pyrolysis process (see chapter 6.1) are heavier than monosilane and will thus be 
concentrated near the reactor wall. Silicon particles are also, because of their high density 
compared to the gas, efficiently separated from the gas flow and accumulated at the reactor wall 
where they contributes to growth by increasing the surface area [15]. Since this reactor 
minimizes the heating and cooling demands, it provides the possibility of producing silicon with 
very low energy consumption and accordingly low cost [15]. 
 

 

Figure 4: C-CVD reactor. (See also W. O. Filtvedt, T. Mongstad, H. Klette, A. Holt, S. Sørensen, and J. Filtvedt, “Novel low 
cost production through centrifuge chemical vapor deposition,” Silicon for the Chemical and Solar Industry, vol. XII. Trondheim, 
2014)  
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4.3.4 Free space reactor  

The free space reactor (FSR, Figure 5) has also been proposed as an alternative for replacing 
the Siemens reactor in the silicon production chain. In the FSR, the feed gas (usually monosilane 
and hydrogen) enters at the top of the reactor and is heated by electric heating elements at the 
reactor sides as it travels downwards. The high temperature causes monosilane to decompose 
homogeneously to produce a fine powder consisting of aggregated silicon particles whose size is 
at a nanometer to micrometer scale. The produced powder can be collected at the reactor bottom 
and then compacted to larger agglomerates that can be used for melting and further 
crystallization. While the operation of the FSR as such is relatively simple, the handling and 
compacting of the produced powder has proven to be challenging. Metal contamination and 
oxidation easily occur during handling, and melting of the powder for further processing is not 
straight-forward. For these reasons the FSR is not currently in use for SoG-Si production. 

 

 

Figure 5: Free space reactor. (See also S. Pizzini, Ed., Advanced Silicon Materials for Photovoltaic Applications. Chapter 2: 
Processes. B. Ceccaroli, S. Pizzini. Chichester: John Wiley & Sons, 2012, and references therein.) 

Nevertheless, there is still interest in the FSR. One reason is the fact that the nanostructured 
silicon powder that the reactor produces can serve as anode material in Li-ion batteries, giving 
significantly higher theoretical capacity than classical carbon anodes [7]. Despite the high 
theoretical capacity of batteries with silicon-based anodes, the practical application of such 
batteries is currently hindered by the large volume fluctuations of the anode material during the 
charge/discharge cycles, causing fast capacity fading [7]. Significant research efforts are being 
devoted to overcome the challenge related to volume expansion ([7,16,17] and others). 
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The FSR is further, due to its simple geometry and operation mode as compared to the FBR 
and the C-CVDR, a suitable reactor for gaining fundamental understanding of the chemistry that 
is taking place also in the more complex reactors. For this reason, we are in this work applying 
various FSRs (see section 7.1) to explore monosilane pyrolysis on a fundamental level. 

4.3.5 Challenges related to monosilane based reactor technologies  

Both the FBR and the C-CVDR technologies have cost advantages compared to the Siemens 
process because of their low energy consumption. Further, the fact that these processes can run 
more or less continuously makes them less costly to operate than the batch-wise Siemens 
process. There are, however, some challenges related to reactor operation control. In addition, 
there has been debate related to product quality. 

The purity of the silicon material produced in the alternative reactors, as reported in the 
available literature, is so far not quite as high as the purity that can be obtained by Siemens 
processes optimized with respect to material quality. Dynatec reports that their C-CVDR 
technology can give 1st grade polysilicon, which is equivalent to 9N [18,19], and REC Silicon 
reports that their newest FBR technology (FBR-B) is “semiconductor grade capable” [20]. Still, 
the Siemens technology, has a capability to produce silicon with a purity up to 11N [18] and is 
the leading technology for production of high-purity silicon. It is worth mentioning that most 
industrial Siemens production for the solar cell industry targets substantially lower purities than 
11N. Additionally, all solar grade silicon feedstock is further purified in the subsequent 
crystallization step in the production value chain. 

The crystallinity of the grown silicon material will, similar to the produced fines, depend on 
temperature and pressure during the decomposition process, as well as on the silicon growth rate 
[21]. At low growth temperatures, the produced material tends to be amorphous and contain 
large amounts of hydrogen [22]. In the FBR, repeated contact between the silicon beads and the 
reactor walls can further cause metal contamination. 

Fines formation reduces the overall yield of the reaction and can lead to clogging. The silane 
pyrolysis process can follow two different paths: a heterogeneous path leading to deposition of 
silicon on a solid surface and a homogeneous path leading to higher order silanes and further to 
the formation of small silicon particles (fines) [23]. These paths are further described in section 
6.4.5. Depending on operation conditions, the fines can consist of amorphous silicon, various 
silicon-hydrogen complexes, silicon hydrides or of crystalline silicon [10]. In order to ensure 
sufficient product quality, several interlinked process parameters must be optimized. The 
reactors must, in other words, operate within a rather narrow parameter window and are therefore 
challenging to upscale or change. Thus, even if the monosilane-based reactor technologies are 
promising, further improvements are needed for them to work optimally.  

The aim of this thesis is to deepen the understanding of monosilane pyrolysis, and thus to 
provide insight into how to further improve monosilane-based silicon production reactors. Both 
in the context of optimizing the characteristics of silicon nanoparticles for anode material 
applications, and also in the context of producing SoG-Si for further crystallization, it is 
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necessary to understand how the monosilane pyrolysis proceeds, homogeneously as well as 
heterogeneously. It is further necessary to understand how process parameters such as 
temperature, pressure, residence time in the reactor and concentration of feed gases influence the 
process. Even if the desired product in a SoG-Si production perspective is different from that of 
an anode material production perspective, the required fundamental process understanding is 
rather similar.
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5.  CHEMICAL KINETICS  
 
Chemical kinetics constitutes an important foundation for the understanding of monosilane 

pyrolysis. Although extensively covered in standard physical chemistry textbooks, the most 
relevant concepts of kinetics are reviewed here. For readers with background in physical 
chemistry, this chapter might be superfluous. Readers lacking this background, however, may 
find the chapter useful. Many of the topics and principles introduced here appear again in 
Chapter 6 and Chapter 8 and in the appended papers. Unless otherwise mentioned, the theory and 
equations in this section are taken from references [24], [25] and [26]. 

5.1 Reaction classification and basic definitions 

Chemical reactions can be classified as homogeneous or heterogeneous. Homogenous 
reactions involve only one phase – for example gas phase – whereas heterogeneous reactions 
involve two or more phases, and mostly take place at the interface between the phases – for 
example at the surface of a liquid. 

Multistep reactions are all kinds of reactions that involve more than one single event such as a 
bond breakage or a bond formation.  Each event in a multistep reaction is referred to as an 
elementary step or simply a step. The sequence of all the steps involved in a reaction constitutes 
its reaction pathway. In many reactions, one or several of the reactants or the intermediate 
products can undergo different parallel reactions that lead to alternative products or to other 
intermediates. The combination of all the possible steps, from reactants, via different 
intermediates to (different) products, is referred to as a reaction network. All products and 
intermediates in a multistep reaction can be classified by their rank indicating how “soon” or 
“late” in the multistep reaction the respective species appear. Primary intermediates or products 
are formed from the reactants(s). Secondary intermediates or products are formed from the 
primary ones, tertiary ones are formed from the secondary ones etc. The concept of rank is 
applied in the discussion in Paper VI.  

Reactions and reaction steps are frequently classified as reversible or irreversible, depending 
on the extent to which they proceed in both directions. In principle, all reactions and their 
included steps are reversible. They can, in other words, always proceed in both directions. In 
practice, however, a reaction or step is considered irreversible if it happens far more in one 
direction than the other.

Elementary reaction steps can further be classified as unimolecular or bimolecular, depending 
on the number of reactant molecules that are involved in the step. A unimolecular step involves 
only one single reactant molecule, whereas a bimolecular step involves two reactant molecules. 
Termolecular steps (steps that involve three reactant molecules) do also exist, but they are 
uncommon and not invoked in this thesis.  
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5.2 Reaction rate 

The rate r at which an elementary reaction step, for example 

   R 5.1 
 

proceeds is a function of the concentrations of the reacting species A and B, and possibly also of 
the concentrations of other species [25]. If we assume the reaction step R 5.1 to follow an 
elementary rate law, the rate r of formation of the product P in this step will be given by 

  Eq. 5.1 

where k is the rate coefficient of the elementary reaction step, and CA
a and CB

b are the 
concentrations of the reactants A and B, raised to the power of the stoichiometric coefficient of 
the species in the elementary reaction step.  

The temperature dependence of the rate coefficient k is commonly assumed to follow the 
Arrhenius equation. In this assumption, the rate constant k is given by 

  Eq. 5.2 
 

Ea is here the activation energy (see section 5.3), T is the absolute temperature, R is the universal 
gas constant and A is a pre-exponential factor related to the frequency of molecule collision. 
Arrhenius equation is an empirical relationship rather than a physical law. The assumption that a 
certain reaction exhibits Arrhenius behavior requires that the mechanism does not change with 
temperature and that the activation energy Ea and the pre-exponential factor A are constant. As 
we shall see later (section 5.3 and Paper I), these assumptions aren’t always true. Nevertheless, 
assuming Arrhenius behavior is often a useful starting point when analyzing chemical reactions. 

As already mentioned in section 5.1, all reactions and reaction steps can proceed backwards 
as well as forwards. For example, the reaction step R 5.1 can also proceed backwards as  

   R 5.2 
 

The forwards and the backwards reactions may be written together as  

   R 5.3 
 

The net rate of formation of the product P in this reaction is the sum of the rates of formation 
from the forwards reaction and the backwards reaction: 

  
 

Eq. 5.3 
 

Here, kforward and kreverse are the rate coefficients of the forward and the backward reactions, 
respectively. They can both be described by Arrhenius equation (Eq. 5.2), but because the 
activation energies as well as the pre-exponential factors and the concentrations of the reactants 
of the forwards and the backwards reactions (mostly) are different, their values will differ. 
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5.3 Activation energy and temperature dependence 

The activation energy may be regarded as a barrier to energy transfer (from kinetic to 
potential energy) between reacting molecules, which must be overcome for the reaction to occur. 
Figure 6a illustrates this concept by a plot of the potential energy of the reacting system as 
function of its reaction coordinate – a quantity describing the progress along the reaction path 
from reactants to products. Before the reactions starts, the potential energy of the system is only 
the bond energy of the reactants. As we proceed along the reaction coordinate (from left to right 
in Figure 6a), the reactants approach each other, and the potential energy of the system increases. 
At the top of the energy barrier, the potential energy is at a maximum.  

As the reaction proceeds towards the product side, the potential energy falls, and is – in the 
end – only the bond energy of the products. In an exothermic reaction (from left to right in 
Figure 6a) the potential energy of the reactants is higher than those of the products. In an 
endothermic reaction (from right to left in Figure 6a) the system moves in the opposite direction. 
The potential energy of the products is then higher than that of the reactants. As illustrated by the 
figure, in a reversible elementary step, the activation energy must be higher in the endothermic 
than in the exothermic direction. Figure 6a illustrates the potential energy as function of reaction 
coordinates for one single reaction step. A similar plot for a multistep reaction would contain 
local energy maxima for all reaction steps, as well as local minima for all intermediate products. 

The difference between the energy of the products and the reactants is often called the 
enthalpy of the reaction and denoted ∆H0. Strictly speaking, what is shown in Figure 6a is 
potential energy (E), rather than enthalpy (H). The quantity ∆H0 is thus not indicated in the 
figure. For a unimolecular, single-step reaction ∆E0 and ∆H0 are related by ∆E0 = ∆H0+RT. For 
most reactions under most reaction conditions, the difference between the two is relatively small. 
These two terms are therefore often used interchangeably. 

Increased temperature gives increased bond vibrations within molecules and more frequent 
and energetic collisions between molecules. In the Arrhenius-picture (see Eq. 5.2 in section 5.2,), 
the probability of a molecule to overcome the energy barrier that the activation energy 
constitutes does therefore increase. Accordingly, the rate of an elementary step will normally 
increase with increasing temperature. This increase is reflected in Arrhenius equation (Eq. 5.2), 
which gives the temperature dependence of the rate coefficient. Taking the logarithm of the 
Arrhenius equation and then differentiating it with respect to inverse temperature, yields 

 
 Eq. 5.4 

 

Thus, if the activation energy of a reaction step is constant with respect to temperature (which is 
not always true, but a frequently used approximation), a plot of ln(k) against (1/T), normally 
denoted an Arrhenius plot, creates a straight line with slope -Ea/R. Such a plot is illustrated in 
Figure 6b. The expression "pseudo-Arrhenius plot" is sometimes used to denote similar plots in 
which the logarithm of reactant or product concentrations (instead of reaction rate) is plotted 
against inverse temperature. 
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Figure 6: a) Potential energy as function of reaction coordinate of an elementary reaction step. b) Arrhenius plot illustrating the 
linear relation between ln(k) and 1/T in an elementary reaction step.  

Many multistep reactions will also proceed at a higher rate if the temperature increases, and 
thus produce a negative slope in an Arrhenius plot. This is, however, not always true: The overall 
rate of the multistep reaction may decrease at increasing temperature if the rate of one of the 
reverse steps increases more rapidly with temperature than the forward steps do. The Arrhenius 
plot of such a reaction will have a positive slope, leading to negative activation energy. Further, 
because the rate control of a multistep reaction can shift from one reaction step to another in a 
narrow temperature span, one may arrive at an Arrhenius plot with two (or more) separate 
straight-line portions, indicating that different apparent activation energies govern the reaction in 
different temperature regions. 

When the attempt of describing a chemical reaction with the Arrhenius equation fails to make 
sense, it might be a sign that we have oversimplified the problem by looking at too many 
reactions as one unit. This failure will typically be the case in analysis of monosilane pyrolysis, 
because the pyrolysis process consists of hundreds or thousands chemical steps (see also Chapter 
6). As we shall see later (section 6.2 and 6.5), many experimental techniques applied in 
monosilane pyrolysis experiments allow for the detection of only the reactant (monosilane gas) 
and the final product (solid silicon particles). Describing the whole pyrolysis process with one 
single Arrhenius-plot will therefore be an oversimplification. The challenges related to analyzing 
the monosilane pyrolysis process within the Arrhenius picture is further discussed in Paper I. 

5.4 Conversion, yield and selectivity 

The conversion of a chemical reaction indicates the degree to which the reactant or reactants 
that originally were fed to the reaction are being consumed. The conversion XA of species A can 
thus be expressed as 

 
 Eq. 5.5 
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where CA and CA
0 are the instantaneous concentration and the initial concentration of A, 

respectively. In a flow reactor with varying fluid density and varying total number of gas 
molecules, concentrations must be replaced by molar outlet and inlet flows, FA and FA

0, yielding 
 

 Eq. 5.6 
 

 
The yield yP of a certain product P in a chemical reaction is the amount of reactant converted 

into P relative to the amount of reactant fed to the reaction. Mathematically, this can be 
expressed as 

 
 Eq. 5.7 

 

 
where a and p are the stoichiometric coefficients for the reactant A and the product P 
respectively. CP and CP

0 are the instantaneous concentration and the initial concentration of the 
product P. Again, for a flow reactor, concentrations must be replaced by molar flows: 
 

 
 Eq. 5.8 

 

 
FP and FP

0 are here the instantaneous flow and the initial flow of the product P. 
Roughly speaking, one may think of conversion as the amount of reactants that have 

disappeared and yield as the amount product that has been produced. Both values are relative to 
the original amount of the reactant that was fed to the reaction. If the stoichiometric coefficients 
are unity, one may express the selectivity of a certain product in a reaction as the ratio between 
the yield of that product P and the conversion of the reactant A from which the product is 
consumed.  

In relation to this thesis, and to monosilane pyrolysis in general, the concepts of conversion, 
yield and selectivity becomes important when we are evaluating the set of process parameters at 
which the pyrolysis happens. In Paper VI we use these concepts when we map the outlet 
concentration of different higher order silanes as function of temperature and monosilane inlet 
concentration. At what parameter set do we get the highest conversion? What parameter set gives 
the highest yield? And at what parameter set is the selectivity for one certain species or a group 
of species at its highest? 
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6.  MONOSILANE PYROLYSIS 
 
Monosilane pyrolysis has already been briefly introduced in Chapter 1 and in section 4.3, 

primarily with focus on monosilane pyrolysis as a possible substituent for TCS pyrolysis during 
silicon purification. As we saw in these sections, the complexity of the pyrolysis process makes 
it hard to control and hard to tune in such a way that the product gets the desired features. In this 
section, I shall attempt to peer into the complexity of monosilane pyrolysis. 

First, in section 6.1, I briefly present the various types of silicon hydrides relevant for the 
monosilane pyrolysis process. Readers that are familiar with silane chemistry might find this 
section superfluous. For other readers, the section might be a useful introduction to the 
nomenclature in the field. Second, in section 6.2, I regard the monosilane pyrolysis process from 
a chemical perspective and look into some of the works that have been conducted on this topic 
experimentally as well as by modeling. Third, in section 6.3, I sum up the state of the art by 
describing the details of the kinetic mechanism through which there seems to be consensus that 
monosilane pyrolysis proceeds. Roughly speaking, we can say that section 6.2 and 6.3 has a 
bottom-up or a microscopic perspective on the pyrolysis process.  

In section 6.4, I review works that are looking into operation of reactors in which monosilane 
pyrolysis takes place. These works can be said to have a more top-down or a macroscopic 
perspective, because their focus is on the final products, rather than on the details of the chemical 
reactions leading to them. Common to all the sections in this chapter is that focus is given to the 
works and findings that are of greatest relevance for the further discussion of my results. For a 
more complete presentation of available literature related to these topics, readers are referred to 
the reviews given in refs. [10],[27] and [28]. 

In section 6.5 I link the microscopic and macroscopic perspectives and identify challenges 
within monosilane pyrolysis research as a whole. Finally, I explain how the research presented in 
this thesis can help overcoming some of these challenges.

6.1 Silicon hydrides 

There is general consensus ([29–34] and others) that monosilane pyrolysis proceeds through 
the formation of larger silicon hydrides. The silicon hydrides can, in the same way as 
hydrocarbons, be categorized according to their electronic structure and geometry. In the 
following, I list and describe the most common types of silicon hydrides. 

Silanes are silicon hydrides with only single bonds and with the general formula SinH2n+2. The 
general formula will be the same regardless of whether the silane is linear, like for example 
n-pentasilane (n-Si5H12) or branched, like for example silyltetrasilane (i-Si5H12). Cyclic silanes, 
like for example cyclopentasilane (cyclo-Si5H10) will have the general formula SinH2n. Figure 7 
gives an overview of some of the smallest silanes along with their names and their chemical 
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formulas. Like alkanes, silanes are named according to the number of silicon atoms in the 
longest chain contained in the molecule and the branches (silylgroups) attached to this chain. The 
expression higher order silanes is frequently used to denote all silanes with more than one 
silicon atom. 

 

 

Figure 7: Overview of some of the smallest silane isomers. 

Silenes are silicon hydrides containing one or more double bond(s). A silene with one double 
bond, will have the general formula SinH2n. Like the silanes, silenes can also be linear, branched 
or cyclic. 

Silylenes are radical, unsaturated species, meaning that they have one or more lone electron 
pair(s). The general formula of a silylene with one lone electron pair is SinH2n, i.e. the same as 
the general formula of a silene. To distinguish silenes from silylenes, the double bond in the 
silene is often written as “=”, and the lone electron pair in a silylene as “˸”. A species with the 
general formula Si2H4, will then be written SiH2=SiH2 if it is a silene and ˸SiHSiH3 if it is a 
silylene. Reactions including the various types of silicon hydrides are discussed in more detail in 
section 6.3. 
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6.2 Development in the chemical understanding of 
monosilane pyrolysis  

Extensive research related to monosilane pyrolysis has been conducted during the past 
decades. Experimental works ([22,32,35–40] and others) as well as modelling works ([29,31,41–
45] and others) have been carried out.  

In this section I review some of the works that have led to today’s knowledge on monosilane 
pyrolysis. My contribution to this field is, as we shall see in Chapter 8 and in Papers IV and VI, 
among other topics, related to the role of cyclic silanes during monosilane pyrolysis. For that 
reason, I have given special focus to literature related to these cyclic silanes.  

I have categorized those contributions that were published before cyclic species came into 
focus in the field, as early models and experimental works. These contributions are discussed in 
section 6.2.1. Then, in section 6.2.2, I review in more detail some of the works that has pointed 
to the role of cyclic silanes in the pyrolysis process. Finally, in section 6.2.3, I present some of 
the more advanced modelling works who are applying kinetic modelling in combination with 
other modelling techniques. The kinetic models that these works apply, incorporate the cyclic 
silanes. As such, the cyclic silanes play important roles also in these detailed modelling works. 
The literature review presented in this section overlaps partly with the introduction to Paper VI. 

6.2.1 Early models and experimental works 

 Hogness and coworkers [35] were, as early as in 1936, among the first authors to suggest a 
mechanism for the pyrolysis process. Based on their experimental 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. In the view of later research on the topic ([29,31–33,42,46] and others) it has 
become clear that the mechanism suggested by Hogness et al. [35] is too simple to properly 
describe monosilane pyrolysis. Nevertheless, the work by Hogness et al. [35] made an important 
foundation to research in this field, which other researchers have built further upon. 

Purnell and Walsh [47] were in 1966 able to measure di- and trisilane as products of 
monosilane pyrolysis, and they suggested a kinetic mechanism in which these species 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. [41] proposed a 
gaseous reaction model containing 11 elementary reactions and 10 chemical species with up to 
five silicon atoms. In this mechanism, silicon particles were created directly from five-membered 
silicon hydrides. As demonstrated in Paper III, Paper IV and Paper VI, 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 thus clearly too simple.  

Giunta et al. [48] as well as Frenklach et al. [49] developed mechanisms including silanes, 
silenes and silylenes (see section 6.1) with up to 10 silicon atoms. In Giunta's as well as in 
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Frenklach's work [48,49], all reactions including species with more than two silicon atoms were 
assigned the same reaction coefficients as the analogous reaction with disilane. Later research 
[33,46,50,51] identified different reaction coefficients for these reactions.  

In 1994 Ho et al. [52] used laser-induced fluorescence measurements in combination with 
kinetic analysis to determine rate parameters for the formation of silicon hydrides with up to 
three silicon atoms. The rate parameters and the kinetic mechanism that these authors proposed 
formed an important basis for several subsequent detailed models [29–31,42,45,53]. These 
models are further discussed in sections 6.2.2 and 6.2.3. 

Neither the models developed by Giunta et al. [48] and Frenklach et al. [49] nor the one 
developed by Ho et al. [52] include cyclic species. It has later been shown ([29,34,45] and 
others, see section 6.2.2) that cyclic silanes play an important role during monosilane pyrolysis. 
Paper IV and VI and Chapter 8 of this thesis give further experimental support for the special 
role of cyclic silanes. 

6.2.2 The importance of cyclic silanes 

Vepřek and coworkers were, with a series of experimental as well as theoretical works 
[34,54–56], among the first authors to hypothesize the importance of cyclic and more complex 
three-dimensional structures in the monosilane pyrolysis process [34]. This hypothesis, to which 
this thesis lend experimental support, has been built further upon by several newer modelling 
works. Swihart and Girshick [29,42] applied the kinetic parameters determined by Ho et al. [57] 
as well as the hypothesis about the importance of the cyclic structures by Vepřek et al. [34]. In 
1998 they published a detailed model of monosilane pyrolysis, containing reversible reactions 
among species with up to ten silicon atoms as well as irreversible reactions forming silicon 
hydrides with 11-20 silicon atoms [29]. Both silanes, silenes and silylenes, including cyclic 
species in all these three categories, are considered in the mechanism. For each stoichiometry, 
however, only the most thermodynamically stable isomer of each type (silane, silene and 
silylene) is included. Like Vepřek et al. [34], Swihart and Girshick proposed that the cyclic 
species, due to their high stability relative to their non-cyclic counterparts, play an important role 
in the pyrolysis mechanism. 

The hypothesis on the importance of cyclic silanes, stated by Vepřek et al.[34], Swihart and 
Girshick [29] and later by several other authors ([30,31,42,45] and others) includes the idea that 
cluster formation proceeds first through the formation of higher and higher order silanes (mainly 
by silylene insertion, see R 6.5 in section 6.3) until a relatively stable cyclic polysilane with five 
or more silicon atoms is produced.  From this cyclic species, the elimination of silylene will be 
unlikely, because it requires the simultaneous breaking of two Si-Si bonds (the reverse of 
reaction R 6.5 in section 6.3). Hydrogen can, on the other hand, relatively easily be eliminated 
from cyclic silanes. The hydrogen elimination leaves a reactive site which can easily react with 
silylene, causing a fast growth of the molecule into even larger three-dimensional clusters. In 
section 5.4 of Paper VI we explain how our results give experimental evidence for this 
hypothesis. 
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6.2.3 Advanced models combining chemical kinetics with other modeling 
techniques  

Several works have taken advantage of Swihart and Girshick’s kinetic model and combined it 
with other advanced modelling techniques. Girshick et al. [42] coupled it with an aerosol 
dynamics moment model to predict particle growth coagulation and transport. Nijhawan et 
al. [31] combined it with a flow model as well as a surface chemistry model developed by Ho et 
al. [52]. They compared their simulated results to experimental results from low-pressure thermal 
decomposition of silane in a parallel-plate semiconductor reactor.  

Wong et al.[45] took the mechanisms developed by Giunta et al. [48] and by Swihart and 
Girshick [29] as a starting point and, aided by automated mechanism generation, developed an 
even more complex mechanism. As opposed to the model introduced by Swihart and Girshick, 
Wong’s model included not only the thermodynamically most stable isomers, but all possible 
isomers in each stoichiometry. Wong et al. reported that cyclic structures, especially cyclo-
pentasilane, but also cyclo-tetrasilane were playing important roles in the formation mechanism.  

Other complex modelling works [30,53,58,59] combine gas phase and surface phase chemical 
reactions with computational fluid dynamics, particle transport, convection, diffusion 
thermophoresis, and models of nucleation and coagulation (see section 6.4.5) to predict particle 
formation during monosilane pyrolysis.  

6.3 Status quo - Details of a kinetic mechanism 

Despite various approaches, there seems now to be a broad consensus 
([29,34,42,45,46,50,51,60,61] and others) that the silane pyrolysis process initially proceeds by a 
variety of chemical reactions, building larger and larger silicon hydrides. When a silicon hydride 
or a so-called “nucleus” or “initial embryo” [62] of a certain size has been built, other processes 
like scavenging and coagulation also gain importance. These secondary processes are described 
in section 6.4. In the present section I sum up and describe the reactions that constitute the steps 
in the chemical pathway from monosilane to larger silicon hydrides.  

Various authors group these reactions in slightly different ways [29,42,60]. I have chosen here 
to divide them into three groups: H2-elimination, Si-Si bond formation and 1,2-Hydride shift. 
These can again be divided into subgroups. The three groups of reactions are presented and 
discussed in the following three subsections. Some of the discussions follow Adamczyk et al. 
[33,46,50,51,60] who have studied several of these reactions in more detail and applied quantum 
chemical calculations, statistical thermodynamics, transition state theory and transition state 
group additivity to determine their Arrhenius parameters. 

The reactions types described in this section are important for the discussion of our results, 
presented in Chapter 8. 
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6.3.1 H2-elimination 

Elimination of molecular hydrogen from a silane molecule (R 6.1) generates a reactive 
silylene (a molecule with one free electron pair, see section 6.1). The two hydrogen atoms come 
from the same silicon atom (1,1-H2 elimination) much more frequently than from neighboring 
silicon atoms (1,2-H2 elimination), as the barrier for the 1,2-elimintaion is substantially higher 
than that of the 1,1-elimination [29].  

  R 6.1 

Elimination of hydrogen from trisilane (H3Si-SiH2-SiH3) is one example of a reaction in this 
reaction family. There are three silicon atoms in trisilane that can lose hydrogen, but the two 
terminal silicon atoms are chemically identical. We are thus left with two different reactions, 
both shown in R 6.2. 

    or    R 6.2 

Like most of the reactions involved in the pyrolysis process, the hydrogen elimination 
reaction can also proceed backwards. This backwards reaction, which produce a saturated silane 
from a silylene and a hydrogen molecule, is barrierless or have a small negative activation 
energy [33,63]. Accordingly, the forwards reaction has an activation energy close to the enthalpy 
of reaction [42] (see section 5.3).  

6.3.2 Si-Si bond formation 

The formation of a covalent bond between two silicon atoms is referred to as a Si-Si bond 
formation reaction. This reaction type can also proceed forwards as well as backwards. Si-Si 
bond formation reactions may be further divided in four subtypes (I-IV), based on the chemical 
bonds surrounding the silicon atoms between which the new bond is being created or broken. 
These subtypes are explained in the following subsections.  

II) SiH4-addition 

Addition of monosilane to an existing molecule can take place only if the molecule has a lone 
electron pair. The molecule is unsaturated and must be a silylene (such as ˸SiHSiH3) and not a 
silene (such as H2Si=SiH2, see section 6.1). The silylene was made somewhere along the reaction 
network whereas monosilane is assumed to be present in high concentration, and thus available 
for reaction, in the reactor. Chemically speaking, the reaction is the insertion of the silylene into 
one Si-H bond of monosilane. The reaction, in a general form, can be described as in R 6.3 and it 
is shown specifically for the production of normal tetrasilane (n-Si4H10) from trisilylene and 
monosilane in R 6.4: 

   R 6.3 

    

    R 6.4 
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III) SiH2-addition  

Addition of silylene is chemically similar to addition of monosilane, but now the lone electron 
pair is at the small fragment (the silylene) rather than at the larger molecule (as in the SiH4-
addition reaction). Because we are again inserting a silylene into a Si-H bond, we need to have 
one such bond for the reaction to take place. R 6.5 describes the reaction in a general form, and R 
6.6 is the complement to R 6.4 to generate normal tetrasilane from trisilane and silylene: 

 
   

  
R 6.5 
 

   R 6.6 

 

III) Ring formation 

Ring formation differs from the others Si-Si bond formation reactions because it does not 
change the number of silicon atoms in the reacting silane. Rather, it is an internal, unimolecular 
silylene insertion. R 6.7 describes this reaction in general form.  

    R 6.7 

The ring opening and closing reactions are important among others because they lead to rapid 
mixing among all isomers within one silane family (e.g. all tetrasilanes, all pentasilanes etc). For 
example, silylcyclotetrasilane, formed by an elementary insertion reaction, can be converted into 
the much more stable cyclopentasilane by a simple ring opening followed by a ring closing to 
form a larger ring [29]. This concept of rapid mixing between isomers becomes important in the 
discussion in section 8.8. 

IV) Bond formation between higher order silanes 

Bond formation between higher order silanes can take place between any pair of silicon 
hydride molecules, provided that at least one of the two is a silylene. A general form of the 
reaction is described by R 6.8. 

    
R 6.8 

Because there is a myriad of silane and silylene species, this reaction type has a myriad of 
subtypes, creating a myriad of products. The reaction type can, in other words, transform any 
existing species to almost any other species. Because both the higher order silylenes and higher 
order silanes mostly have very low concentrations during silane pyrolysis, it is a common 
simplification to neglect this group of reactions when modeling silane pyrolysis [29,42].  

6.3.3 1, 2-Hydride shift 

Moving a hydrogen atom with its accompanying electron (thus giving the term hydride) from 
one silicon atom to a neighboring silicon atom is called a 1,2-hydride shift. The reaction can only 
take place in unsaturated species (mostly silenes and silylenes) and are sometimes denoted 
silylene to silene isomerizations. These shifts can, for example, take place in a species with a 
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lone electron pair at one silicon atom and two or more hydrogen atoms bonded to the 
neighboring silicon atom. The shift will entail one of the hydrogen atoms moving to the silicon 
atom with the lone electron pair. As a result, one can imagine that there will be one free electron 
at each of the mentioned silicon atoms. These electrons will rearrange to form a double covalent 
bond between the two silicon atoms. The reaction is illustrated in R 6.9.  The hydrogen atom that 
changes its position is drawn in red for clarity. R 6.10 describes the same reaction with chemical 
symbols. 

  

 

 
 R 6.9 

 
   R 6.10 

 
 
 

There is consensus that the reaction types described here (H2-eliminations, different types of 
Si-Si bond formations and 1,2-hydride shifts) together constitute the pathway from monosilane 
to larger silicon hydrides during monosilane pyrolysis [29,34,42,45,46,50,51,60,61]. The 
Arrhenius parameters of many of the reactions are also known [33,46,50,51,60]. Still, there is no 
consensus regarding the relative importance of the various reaction steps and the exact pathway 
that the reaction is likely to follow under different conditions [28,45]. One reason for the large 
number of research contributions without consensus, is the complexity of the reaction network 
that is investigated [45]. Another reason is the lack of detailed experimental data to validate 
models. As I elaborate in section 6.5.4, the results presented within this thesis and the appended 
papers, can help closing the gap in the level of detail between the modeled and experimental data 
in this field. 

6.4 Monosilane pyrolysis in a reactor operation perspective 

The importance of monosilane pyrolysis to the operation of industrial scale silicon production 
reactors (see also section 4.3), has led to extensive research aiming to improve the understanding 
of how this process proceeds in these reactors. One of the research goals is to explore how 
reactor parameters can be tuned to optimize the quality of the product. Another goal is to 
understand how to avoid fines formation, which is one of the main challenges in the development 
of FBR technology and other monosilane based silicon production technologies (see also section 
4.3.5) [5,13,18,27,42,59].  

Fines are produced when silane decomposes homogeneously, meaning that new, small particle 
nuclei are produced in the gas phase, rather than heterogeneously, meaning that silicon hydrides 
deposit on the surface of already existing particles, causing them to grow. Fines formation 
constitutes a competing chemical pathway to the desired solid silicon production, which involve 
silicon growth on a previously established silicon surface. Fines formation does therefore cause a 
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reduced yield of the solid silicon product. Moreover, fines formation leads to problems related to 
reactor clogging and reduced material quality (e.g. [13,27]). A general aim of any silicon 
feedstock process is therefore to promote heterogenous decomposition and to suppress 
homogeneous decomposition [64]. 

In this subchapter I briefly touch upon some of the research performed on reactor-scale 
systems that is of relevance to this work. Since the FBR (see section 4.3.2) is the monosilane 
based silicon production reactor which is most frequently applied in the industry, I focus the 
discussion here on this reactor type. I also refer to several research results obtained in other 
reactor types (mainly FSRs, see section 4.3.4). Such results are of interest to FBR operation, 
because they can provide fundamental understanding of the chemistry that takes place also in 
more complex reactors. I end the subchapter by presenting a frequently cited phenomenological 
model for particle growth in an FBR [62]. 

This subchapter is by no means meant to give a full overview of all the research related to 
FBR operation. Rather, it serves as framework for understanding the relevance and possible 
applications of the results presented in this thesis and in the appended papers. Readers interested 
in more details about FBR operation are referred to the review articles in refs. [27] and [10]. 

6.4.1 Effect of monosilane inlet concentration 

A higher monosilane inlet concentration will, under many conditions, give higher production 
rates in an FBR [62,65]. As an example, Hsu et al. [62] report that an increase in monosilane 
inlet concentration from 20 % to 80 % gives an increase in silicon production rate from 0.9 to 
3.5 kg/hour. Their investigations are done in an FBR with a bed temperature of 650 ˚C, a 
pressure of 1.3 bar and with hydrogen as dilution gas. Since the throughput generally increases 
with monosilane concentration, it is often desired to increase the inlet concentration to a reactor  
as much as possible. Also, a high monosilane concentration, and accordingly a low concentration 
of diluent gas, reduces the gas volume that needs to be heated when introduced to the 
reactor [27]. As such, a high monosilane inlet concentration will help to reduce the overall 
energy consumption of the process. On the other hand, increasing the silane inlet concentration 
too much may cause residual monosilane in the exhaust [64]. An increased monosilane 
concentration will also tend to increase the dust formation in the reactor [65]. Therefore, there is 
a limit to how high concentrations one can use and still avoid extensive particle formation. 
Keeping monosilane concentration and temperature sufficiently low will allow the silicon beads 
in the reactor to continuously scavenge (see section 6.4.5 and 8.7) the gas for intermediate silicon 
containing gaseous species [64]. As the parameters monosilane concentration and temperature 
have an opposite effect on nucleation (see also next section), it is possible to increase the silane 
concentration if the temperature is reduced. On the other hand, if the reactor temperature is 
increased, it is possible to increase the monosilane inlet concentration without causing silane 
residuals in the exhaust [64]. 
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CCritical nucleation concentration 

There is a very abrupt transition from seed growth to so-called catastrophic nucleation [66] or 
homogeneous nucleation in the operation of a monosilane pyrolysis reactor. Wu and Flagan [66] 
report, for example, that as little as 17 % change (from 3 % to 3.5 %) in the monosilane inlet 
concentration gives an increase in particle concentration of four orders of magnitude. This 
specific result was measured with a maximum temperature of 1100 K and with nitrogen as 
diluent gas. Similar results have been measured by other authors at different temperatures, 
diluent gases and monosilane concentrations [37,67]. 

Several authors [37,38,67,68] have specifically investigated the effect of monosilane inlet 
concentration on nucleation, or the so-called critical nucleation concentration as function of 
temperature. It is worth to note that the concept of critical nucleation concentration is used to 
denote the silane concentration above which unwanted nucleation would occur in a CVD reactor 
or an FSR, i.e. in reactors without seed particles. An FBR can, since the silicon seed particles 
scavenge the homogeneously nucleated fines (see section 6.4.5), be operated at much higher 
monosilane concentrations [65]. The critical nucleation concentration is highly temperature 
dependent [37,38,68]. A linear relationship is reported between the logarithm of the critical 
nucleation concentration and the inverse temperature [37,38,67].  

A common theme to several of the research contributions studying critical nucleation 
concentration is that they describe nucleation in an Arrhenius perspective as if it was one single 
chemical step and assign the process one single activation energy. In Paper I, in which we also 
study the critical nucleation concentration, we elaborate on the challenges related to this 
simplified perspective (see also section 5.3). As a part of this PhD project, a GC-MS 
measurement setup is developed (see section 7.2), with which we can measure several of the 
higher order silanes that are intermediate products in the particle nucleation process. As such, we 
can shed new light upon the chemistry involved in the particle nucleation process.  

6.4.2 Effect of process temperature 

The effect of temperature on monosilane pyrolysis is, as already touched upon in 
section 6.4.1, closely related to that of monosilane concentration. When increasing the 
temperature (at a fixed inlet concentration), the production of fines will increase. It is therefore 
necessary to find an optimum temperature where fines formation is suppressed, but without 
causing high concentrations of reactant residuals in the exhaust [64]. To suppress fines formation 
and related clogging, it is especially crucial to keep the temperature near the gas inlet sufficiently 
low. The temperature in this region is therefore often kept lower than the temperature in the rest 
of the reactor [27,64]. 

Hsu et al. [65] suggest that the rate of homogeneous nucleation rises faster with temperature 
than the rate of heterogeneous nucleation. This suggestion is, like the discussion of the critical 
nucleation concentration (see section 6.4.1), built upon a very simple Arrhenius model, assuming 
that homogeneous nucleation can be described in one single chemical step. Even if the model on 
which the suggestion by Hsu et al. [65] is built seems too simple, it is interesting to note that it 
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qualitatively agrees with our suggestions to reactor operation parameters to avoid fines based on 
the results presented in this thesis (see section 8.7).  

To provide a more detailed understanding of the chemical pathways of monosilane pyrolysis, 
several authors have measured the outlet concentrations of gas phase intermediates during 
pyrolysis [32,37,69–71]. An increase in the concentrations of higher order silanes as function of 
temperature is reported in a relatively narrow temperature region [32,37,71], near the 
temperature of the nucleation onset [37]. Within the appended papers (Paper III and VI) we show 
that the increase in higher order silane concentration in a narrow temperature region during 
monosilane pyrolysis is measurable for silanes with up to nine silicon atoms. Analyzing the 
appearance and disappearance of gaseous intermediates related to particle formation is relevant 
for understanding how temperature and other reactor parameters can be adjusted to avoid particle 
formation during reactor operation. 

The quality of the reaction product, e.g. its density, porosity, crystallinity and possible 
inclusion of hydrogen is also affected by the reactor temperature [10,28]. As this thesis is not 
focused on produced silicon material and its quality, I avoid going into details about product 
quality here. Readers are referred to the excellent review in ref. [10] for an overview of the topic. 
The final selection of a process temperature for an industrial silicon production process should, 
of course, not be made without taking product quality into account. 

6.4.3 Effect of diluent gas 

Hydrogen is the most common diluent gas in industrial silicon production reactors. Still, 
research is conducted on monosilane pyrolysis also in other diluent gasses including helium 
[37,72], argon [36,37] and nitrogen [37,64]. Studying monosilane pyrolysis in inert gasses is 
interesting because the presence of hydrogen, which is a product in several of the equilibrium 
reactions included in the pyrolysis process (see section 6.3), will push these equilibria towards 
the reactant side. Hydrogen is thus acting as an inhibitor to the pyrolysis process [35,37,38]. 

In section 8.4.1 the inhibiting effect of hydrogen becomes important in the discussion 
regarding the combined effect of temperature and monosilane concentration on monosilane 
pyrolysis. 

6.4.4 Effect of other reactor parameters 

In an FBR, several other reactor parameters than those mentioned here influence the silicon 
production rate, the rate of fines formation and the quality of the product. Among these 
parameters are the residence time of gas in the reactor, which is closely related to reactor size 
and fluidization gas velocity (e.g.[65]), the reactor pressure and the size and characteristics of the 
seed particles [27,28]. The fast movement of the fluidization gas in an FBR causes the formation 
of gas voids or bubbles between the fluidized solid particles (see also section 6.4.5). The size of 
these bubbles does also influence the ratio of fines formation to heterogeneous pyrolysis on 
surfaces. Homogeneous pyrolysis (i.e. production of fines) is a assumed to take place primarily 
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within the bubbles, whereas scavenging of produced fines (see section 6.4.5) happens primarily 
outside the bubbles [27,62]. Scavenging does therefore require transport of the generated fines 
out of the bubbles [62]. As a general rule, a small bubble size will enhance the mass transfer out 
of the bubbles and thus help to reduce the overall fines formation in the reactor [27][65]. For 
successful operation of an FBR it is therefore essential to design the process such that the 
bubbles are maintained small [65]. 

6.4.5 A phenomenological model for particle growth in an FBR 

Several groups have developed models for CVD growth on particles in FBR reactors. These 
models can be categorized as computational models and phenomenological models. 
Computational models typically include detailed hydrodynamic and kinetic modelling whereas 
phenomenological models describe the various processes that takes place in the reactor in a 
qualitative way [27]. Most phenomenological models assume that there are two main types of 
regions or phases in the reactor bed. These are the bubble phase, consisting of gas voidances 
with very little solid material in them (see also section 6.4.4), and the emulsion phase, containing 
most of the seed particles [27]. According to the models, mass can be transferred between the 
two phases [27].  

Hsu et al. [62,65] have proposed a phenomenological model for the formation of silicon by 
monosilane pyrolysis in an FBR. Hsu’s model is important because several later works on silicon 
production in FBR (e.g [10,64,73–76]) incorporate the ideas, which was first introduced within 
Hsu’s model  [62,65]. Scavenging (see later in this section) is one of the most important of these 
processes. The model describes six different pathways through which silicon can be formed 
during FBR operation. In the following (1-6), I give a brief description of the six different 
pathways, as proposed by Hsu et al. [62]. The pathways are illustrated in Figure 8. 

11) Heterogeneous pyrolysis  

One of the major paths for the formation of silicon from monosilane in an FBR is the 
heterogeneous pyrolysis of monosilane on the surface of seed particles (silicon beads). As the 
silicon beads mainly are present in the emulsion phase of the reactor, heterogeneous pyrolysis 
takes place primarily in this phase. Heterogeneous pyrolysis causes the silicon beads to grow 
and is therefore a desired process in a silicon production perspective. 

2) Homogeneous pyrolysis  

An alternative pathway to form solid silicon is the homogeneous pyrolysis of monosilane. 
According to Hsu et al. [62], this process takes place in the bubble phase of the reactor and 
leads to the formation of condensable silicon species. These species grow further into so-
called silicon nuclei or embryos with a size of about 50 Å.  
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33) Coalescence 

Within the bubble phase, the tiny silicon nuclei that were formed by homogenous pyrolysis 
(process 2) move around by Brownian motion. When nuclei meet, they may stick to each 
other due to the action of van der Waals forces. This process is denoted coalescence and 
results in particles with sizes up 0.3 μm, called coccal silicon [62]. When the size of the 
particles reaches this size, the particle number concentration gets so small that the probability 
for the particles to collide drops significantly. Consequently, the growth rate drops.  

4) Coagulation  

The coccal silicon (fines) formed by coalescence (process 3) may coagulate into clusters. 
These clusters are not densely packed, since they are made by interaction between solid 
particles. The cluster may be up to 10 μm in size. Like coalescence, coagulation does also 
take place in the bubble phase. 

5) Scavenging 

In the emulsion phase, coccal silicon produced by coalescence (process 3) and silicon nuclei 
produced by homogeneous nucleation (process 2) can be recaptured or “swept up” [62] by the 
silicon beads. This process is denoted scavenging. Since the beads are in the emulsion phase, 
scavenging requires that coccal silicon and initial clusters are transported from the bubbles to 
the emulsion phase. The deposition of smaller silicon species trough chemical vapor 
deposition (CVD) helps to cement the fines and the initial clusters to each other.  

6) Heterogeneous growth of fines 

A fine silicon particle (coccal silicon) can, in a similar way as a silicon bead, grow by 
heterogeneous chemical vapor deposition onto its’ surface. According to Hsu et al. [62], the 
contribution from heterogenous growth of fines is small in the context of silicon growth in an 
FBR. The contribution is small partly because the fines are effectively scavenged by silicon 
beads and partly because the surface of the fines is small compared to the surface of the 
silicon beads. 
 
Figure 8 illustrates the processes (1-6) included in Hsu’s model. The figure is based on a 

sketch within Hsu’s paper [62]. In this figure, I have additionally included the approximate sizes 
of each particle type, as given in the same contribution [62]. 
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Figure 8: Sketch of the paths (see section 6.4.5 in main text) for monosilane pyrolysis in an FBR, as presented by Hsu et al. [62]. 
The size indications of the particles are from the same paper. The “silicon nucleus” is drawn to illustrate the approximate number 
of silicon atoms that would be contained in a nuclei, according to the size estimates by Hsu et al. [62] (see section 6.5). 

6.5 Tying the perspectives together  

In this section I link the chemical kinetic or bottom-up perspective of monosilane pyrolysis, 
described in sections 6.2 and 6.3, to the reactor operation or top-down perspective of the same 
process, described in section 6.4. I point to the lack of experimental data regarding higher order 
silane formation which causes a gap in the level of detail between experimental and numerical 
works in the field. I further look at challenges causing the lack of detailed experimental data, and 
explain how we can overcome these challenges. The isomer specific data of higher order silanes 
that we provide offer a new level of detail which can help closing the gap between modelled and 
experimental works in the field. 

Similar versions of some passages in this section appear also in section 2.A in Paper VI. 
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6.5.1 Relation between the microscopic and macroscopic perspective 

The size of a single silicon atom, represented by the Van der Waals radii, i.e. the radius of an 
imaginary sphere indicating the closest distance to a neighboring atom, is about 2.1 Å [77]. In 
the phenomenological model by Hsu et al. [62] (see section 6.4.5), it is stated that the size of the 
smallest silicon nuclei, made by homogeneous pyrolysis, is about 50 Å. The size estimation is 
given with reference to a report from Jet Propulsion Laboratory, applying nucleation theory to 
silicon seed growth.  

Using the size estimation of the silicon atom and that of the silicon nuclei, one can roughly 
estimate that there should be about 50 Å/(2×2.1 Å) ≈ 12 silicon atoms from one side to the other 
of the smallest nuclei. Assuming dense, coherent, cubic nuclei one can further estimate that the 
total number of silicon atoms in one nucleus in Hsu’s model should be about 123 ≈ 1700. This 
estimation is, of course, inaccurate and should be regarded as a thought experiment rather than a 
scientific statement. Still, it serves to draw an interesting link between the phenomenological, 
reactor scale view on monosilane pyrolysis presented mainly in section 6.4.5 and the chemical 
view on the same process presented in sections 6.2 and 6.3. To accentuate this link, I have drawn 
the silicon nucleus in Figure 8 as a sphere consisting of approximately as many silicon atoms as 
indicated by the estimation.  

Kinetic models of monosilane pyrolysis (e.g. [29,31,42,45,53,58]) typically include reversible 
reactions (as described in section 6.3) among species with up to 10 silicon atoms. Additionally, 
irreversible reactions creating species with 11-13 silicon atoms [31,42,58] or 11-20 silicon atoms 
[29] are included in some of the works. The “nucleation rate” in these models is accordingly set 
as the rate at which the network of chemical reactions irreversibly produce molecules containing 
more than ten silicon atoms [29,31,42,53,58]. It is evident that the “nuclei” with 11-13 silicon 
atoms formed at the “nucleation rate” in these kinetic models, are different from the “silicon 
nuclei” in Hsu’s model which consist about 123 silicon atoms. Authors of some of the mentioned 
works [42,58] emphasize that the truncation of the reversible reaction mechanism at ten, and the 
resulting assumption that ten silicon atoms form a “nuclei” are arbitrary.  

Further growth of “silicon nuclei” from sizes larger than 11-13 silicon atoms is in the above 
mentioned works [31,42,58] modeled by a chemical vapor deposition process (CVD) applying 
the surface kinetics mechanism presented by Ho et al.[52]. As stated by some of the authors 
themselves [31,58] it is probably imperfect to apply a surface kinetics mechanism developed for 
a “planar” surface to particle growth on a “nucleus” which contains no more than 11-13 silicon 
atoms. 

6.5.2 Lack of detailed experimental data to validate models 

The fact that many numerical models of monosilane pyrolysis, as mentioned above, have 
uncertainties regarding the transition from large molecules to small particles can be related to the 
lack of experimental data in this field. A common theme in this field is, indeed, that modelled 
results hold an impressive degree of detail, whereas experimental results for model validation are 
either non-existing or far less detailed than their modelled counterpart. Most of the detailed 



Chapter 6. Monosilane pyrolysis 

 
51 

models discussed in sections 6.2.3 and 6.5.2, (e.g. [29,30,42,53,58]) lack comparison to 
experimental data on the formation of higher order silanes during the pyrolysis process. Some 
newer contributions [59,74,78] compare modelled and experimental results on the effect of 
operation parameters on monosilane pyrolysis. Even so, there is limited available experimental 
data compared to the level of detail in the model. 

Many of the experimental works in the field of monosilane pyrolysis report macroscopic 
parameters like particle formation [37–39,68], particle size distribution and particle number 
concentration [79,80]. As discussed in section 6.5.1, and illustrated by Figure 8, these particle-
related parameters are the result of thousands of chemical 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 five silicon atoms during monosilane 
pyrolysis [32,37,70,71,81] (see also section 6.4.2). Data describing silanes containing more than 
five silicon atoms is, however, largely non-existent in the literature. The experimental data 
available in the literature further lack differentiation between isomers with the same number of 
silicon atoms.  

It seems reasonable to assume that the presence of higher order silanes is relevant for other 
processes in an FBR (see Figure 8) than only the homogenous pyrolysis (process 2), which is 
most discussed above. It has been suggested that higher order silanes, because of their high 
sticking probability compared to monosilane [82], contribute strongly to heterogeneous pyrolysis 
on seeds (process 1) and heterogeneous pyrolysis on fines (process 6) [31] and to scavenging of 
fines (process 5) [10]. Improved experimental data regarding the presence of higher order silanes 
can therefore enhance the understanding also of these processes. The relation of our results to 
these processes is discussed in section 8.7. 

6.5.3 Challenges causing the lack of detailed experimental data 

We have identified three main challenges causing the lack of detailed experimental data in the 
field of monosilane pyrolysis.  

 There has been a lack of reliable measurement techniques to detect and identify higher 
order silanes and their isomers.  

 The high reactivity of the silanes with oxygen makes them challenging and potentially 
dangerous to handle. This has limited the number of experiments reported in the 
scientific literature. 

 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 and hydrogen from monosilane, has 
one of the highest activation energies [33]. As mentioned in section 6.4.1, the onset of 
the reaction is therefore very abrupt: As soon as the initial step is overcome, the 
reaction proceeds quickly to larger and larger species, until eventually, silicon 
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particles are produced. Wu and Flagan [66] used the term runaway nucleation to 
denote this phenomenon. 

6.5.4 Overcoming the challenges  

This PhD project strives to overcome the three above mentioned challenges causing the lack 
of detailed experimental data in the field of monosilane pyrolysis. First, our gas chromatography 
mass spectrometry GC-MS setup (section 7.2) developed throughout this project provides us 
with the ability to measure higher order silanes with up to nine silicon atoms and differentiate 
between isomers of silanes with up to five silicon atoms (see Paper IV and sections 8.1 and 8.2). 
Second, our monosilane pyrolysis reactors, especially the millimeter-scale reactor designed as a 
part of this work (see section 7.1.3), enables us to map outlet concentrations of higher order 
silanes as a function of various reactor parameters in an efficient and safe manner. Third, by 
controlling the pyrolysis process carefully such that it avoids proceeding all the way to silicon 
particles, we are able to lead higher order silanes, which are process intermediates, out of the 
reactor and to our GC-MS in which we detect and identify these species.  

The results presented in Chapter 8 and in the appended papers hold a much larger degree of 
detail with regards to higher order silane species and isomers than any earlier presented results 
related to monosilane pyrolysis that we are aware of. The results presented here will thus help 
closing the gap between modeled and experimental data in this field. The detailed data that we 
provide can also work as guideline for development and tuning of larger, industrial reactors.
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7.  EXPERIMENTAL METHODS 
 
The Silicon Production Laboratory at IFE has an advanced and unique infrastructure, 

including several different monosilane pyrolysis reactors and their control systems, gas delivery 
system ensuring safe transfer of gas to and from the reactors as well as instruments allowing for 
process monitoring and measurements of reaction products.  

As the projects running in this laboratory are many, fast developing and with various main 
focuses, this lab is a space of continuous development. The lab that I started working in four 
years ago is therefore far from identical to the lab present today. Some of the developments in 
the lab have been driven by my own project and its needs for laboratory equipment and 
infrastructure. Additionally, other projects running in the lab have given rise to comprehensive 
building and construction works causing large changes to the general lab infrastructure. 

7.1 Silane pyrolysis reactors 

Our lab contains various silane reactors: an FBR (see section 4.3.2), a C-CVDR (see section 
4.3.3) and several FSRs (see section 4.3.4 and sections 7.1.1 to 7.1.3). In my project, I have used 
three of these FSRs, which I have named Max, Lilly, and Milly (in order of decreasing reactor 
size). The following three subchapters describe these three reactors and indicate my contribution 
to each of the reactors and the extent to which I have used them for my PhD-work. 

7.1.1 Max 

Max, which is the largest of our FSRs, has been present in the lab since 2013. The reactor was 
in other words constructed before the beginning of my PhD, and I participated only in a few 
experiments conducted in it. Parts of the experimental data presented in Paper I result from 
experiments conducted in this reactor. 

The reactor body of Max (see Figure 9) consists of a vertical tube with diameter of 186 mm 
and height of 1.7 m, made from a rolled and welded 263 MA stainless steel sheet. The heated 
part of the reactor has a length of 1 m and is divided into four heating zones, each with a length 
of 25 cm. The temperatures are kept by heaters outside the reactor tube and can be set to 
different values in each of the heating zones. Two sets of internal temperature probes are 
positioned in the reactor core, one at the inner wall, and one in the reactor center, to accurately 
measure the temperature in situ in the four different heating zones. 

The reactor consists of two different tubes inside each other in a so-called double jacket 
system. The outer tube is the barrier of the whole reactor and separates the reactive species inside 
from air exposure. The inner tube, with a diameter of 156 mm, is built from a 1.2 mm porous 
metal plate from Mott Corporation, USA. The porosity of the inner tube hinders high pressure to 
build up in the intermediate volume between the two tubes.  
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Figure 9: Schematic drawing of our largest FSR (Max).  

During operation, process gas (monosilane and hydrogen) enters at the reactor top and flows 
downwards in the reactor. If the temperature and the monosilane concentration are sufficiently 
high (see section 8.4), the monosilane will pyrolyse to produce higher order silanes, as well as 
silicon powder and hydrogen gas. The powder can be collected at the bottom of the reactor.  

Max was originally constructed as a production unit with the purpose of making silicon 
powder, rather than a research reactor allowing for exact parameter control. Even if he was 
capable of giving interesting experimental results (see Paper I), his large diameter and complex 
geometry (double jacket system) made it challenging to use him as a research reactor. The 
challenges were mainly related to the difficulty separating the physical effect of the reactor 
geometry from that of the chemistry taking place within the reactor. 

7.1.2 Lilly 

In order to increase the control with critical process parameters, a lab-scale FSR, named Lilly 
(see Figure 10), was constructed in 2015-2016. The plans for this reactor were made before I 
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started at IFE. Most of the practical construction and building work, however, was done as a part 
of my PhD-project. 

Lilly consists of a 3 m long Ø = 50 mm stainless steel (316L) pipe with KF flanges welded to 
the ends. The reactor has a 54 cm long preheating zone and four reaction zones, each with a 
length of 15 cm, in which the temperature can be set individually. Each reaction zone has a 
water-cooling coil and a resistive heating coil. By varying the number of heating coils that are 
turned on, the residence time of gas in the reactor can easily be changed without altering the gas 
flow and thus the flow pattern in the reactor to a large extent. 

 

Figure 10: Schematic drawing of our lab-scale FSR (Lilly). 

Four thermocouples are mounted to the outer wall of the tube for monitoring the temperature 
outside the reactor. In addition, a temperature probe with five thermocouple sensors (each 
separated by 25 cm) can be inserted from the reactor end in order to monitor the temperature 
distribution inside the reactor. During operation, process gas (monosilane and hydrogen) enters 
from the reactor end and flows horizontally through the reactor. As in Max, monosilane will 
pyrolyse and produce higher order silanes and silicon powder, provided a certain set of reactor 
conditions. The amount and type of reaction product depend on a set of parameters including 
reaction temperature, monosilane inlet concentration, residence time and choice of diluent gas 
(see sections 8.3 - 8.5) 

The intention of building Lilly was, in addition to using her for production of silicon material, 
to investigate fundamental aspects of purification of silicon, i.e. pyrolysis of monosilane. We did 
indeed use her for several interesting experiments, the most relevant of which are reported in 
Paper II and Paper III. The MS spectra presented in Paper IV are also based on gas samples from 
Lilly. 

Nevertheless, even if Lilly was built for better control of process parameters, for example 
temperature, it turned out that her diameter was too large,  and her reaction zone length too short, 
to achieve the control that we wanted. This became clear from temperature measurements in the 
reactor core and at the reactor wall, as well as from CFD-modelling of the reactor using the 
software SiSim [83]. The modelling was mainly conducted by Dag Lindholm. A simulated 
temperature map of Lilly is shown in Figure 11. The figure indicates large spatial temperature 
variation within the pre-heating zone as well as the reaction zone. The large temperature 
variations are among others caused by limited heat transfer in the radial direction. 
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Figure 11: Simulated temperature map of Lilly, based on CFD modelling in SiSim [83]. The simulated reactor settings are as 
follows: Preheating zone temperature, 300˚C; Reaction zone temperature, 550 ˚C; Two active heating zones; Flow rate, 4slm. 
Upper pane: entire reactor. Lower pane: Zoomed view of the region around the reaction zone. Note that the two panes have 
different color scaling. 

Paper III includes a discussion of the large variations that the CFD-model indicates both in 
axial gas velocities and in temperature over the cross-section of the reactor. Due to these large 
variations, defining the residence time corresponding to a certain number of active reaction zones 
is challenging. Table 1 lists low and high estimates for residence times with varying number of 
active heating zones in Lilly. The low estimate defines residence time as the total time during 
which the CFD model reports the temperature for a gas parcel following the reactor center-line to 
be within 25°C of the set-point temperature. The high estimate defines residence time as the total 
time during which the CFD model reports the temperature for a gas parcel following a line 
3.3 mm from the reactor wall to be within 25°C of the set-point temperature. In both definitions, 
because of slow heat transfer in the gas, the residence time in the case of only one active reaction 
zone is 0 seconds. 

Table 1: Low and high estimates for residence times resulting from various numbers of active reaction zones in Lilly (see 
text)[84]. 

Number of active reaction zones Residence time [s] 

Low estimate  High estimate 

2 reaction zones 0.6 1.8 

3 reaction zones 1.5 3.9 

4 reaction zones 2.5 6.3 

 
The large spread in actual residence times for gas parcels following different paths through 

the reactor leads to difficulties in separating fundamental chemistry from reactor physics, which 
was some of the ambition for my PhD-project. These difficulties led to the idea of building an 
even smaller reactor, thereby achieving even better parameter control. 
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7.1.3 Milly 

The decision to build Milly, our mini-scale FSR, was made for two main reasons. First, as 
already elaborated on in section 7.1.2, there was a need for better control with the process 
parameters, especially temperature and flow pattern. Second, there was a growing challenge 
related to lab access. Almost a dozen research projects were interested in using the lab facilities, 
and their activities were often mutually exclusive since they required closure of common lab 
space because of safety concerns related to experiments involving hazardous gases. Moreover, 
the neighboring battery lab had to be closed when reactors where running, causing even larger 
pressure to the overall lab schedule. In this situation, experiments dedicated to my PhD-project 
would be limited to only a few days every semester, which was critically seldom for a successful 
fulfillment of a PhD. We therefore decided to construct Milly in a separate small room within the 
lab. Because of her low volume and low gas flow, we were able to make her safe to run even 
with people being present in other parts of the lab. This was also certified according to IFE’s 
health, environment and safety (HES) regulations. 

It took more than one year from the decision of building Milly was taken until the reactor 
finally was ready to be used for silane experiments. The process of planning and building her 
was indeed more complex and time-demanding than I expected when starting it. Seen in 
retrospect, it was still a good decision to build Milly. Not only because she gave better parameter 
control and a tremendous increase in available lab time, but also because of the learning 
outcome, the motivation, and the feeling of ownership resulting from planning and building the 
reactor and the related infrastructure. Furthermore, Milly has proven useful as research reactor 
also for other projects. At the time of writing this thesis, PhD-candidate Anjitha S. Geetha is 
using Milly for her project, combining model and experiments of silane pyrolysis and co-
pyrolysis for energy materials. Industrial customers are also showing interest in using Milly for 
test experiments. Among them are producers of SoG-Si and producers of silicon nanoparticles 
suitable as anode material in Li-ion batteries. Silanes in their liquid state, which are interesting 
due to their potential for introducing novel printing methods of silicon-based films, can also be 
produced in Milly.  

CCFD modeling  

The process of planning an designing Milly included CFD-modeling in SiSim [83] to help 
choosing favorable reactor dimensions. The modeling was again mainly conducted by Dag 
Lindholm. Figure 12 shows a simulated temperature map for one of the reactor geometries that 
we considered – a tubular reactor with 6 mm inner diameter. As seen in the figure, the model 
indicates that this reactor gets a fast temperature transition between the temperature in the inlet 
zone and in the reaction zone, as well as between the reaction zone and the outlet zone. The fast 
temperature transition constitutes a large improvement as compared to our previous reactor Lilly 
(section 7.1.2) in which the temperature transition was much slower (see Figure 11). The 
improved temperature distribution is mainly achieved through the small reactor diameter, which 
reduces the distance that heat has to travel by heat conduction. The reactor geometry that we 



Chapter 7. Experimental methods 

  59 

finally chose for Milly included an even smaller diameter (3.85 mm, see next subsection) than 
the one shown in Figure 12. 

  

Figure 12: Simulated temperature map, based on CFD modelling in SiSim [83], of one of the reactor geometries that we 
considered for Milly. The reactor illustrated here has an inner diameter of 6mm, whereas Milly has an inner diameter of 
3.85 mm. The simulated settings further include: Reaction zone temperature, 500 ˚C; Flow rate, 64.3 mslm (standard milliliters 
per minute). Upper pane: entire reactor. To improve the view, the reactor is scaled slightly different in the two spatial 
dimensions: it is zoomed more in the radial than in the longitudinal direction. Lower pane: Zoomed-in view of the beginning and 
the end of the reaction zone. Note that the upper and lower panes have different color scaling. 

RReactor body and temperature distribution 

Figure 13 shows a schematic overview of Milly. The setup consists of a 124 cm long 1/4’’ 
(6.3 mm) stainless steel pipe with inner diameter of 3.85 mm and with Swagelok fittings in both 
ends and. The total reactor volume is only 14.4 cm3, giving a low fire and explosion risk. 

 
 

 

Figure 13: Schematic drawing of our mini-scale FSR (Milly). 

The inner 1/4’’ reactor tube is fitted inside an electric heating hose. By the supplier 
(Hillesheim GmbH) the reactor is insulated by glass fiber and textile glass braiding. We have 
applied silicone foam tape as an additional insulation layer. The operator can vary the 
temperature in the 80 cm long reaction zone. The reactor temperature is monitored in-situ by six 
thermocouples built into the wall of the heating hose. As these thermocouples are not in direct 
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contact with the gas flow in the reactor, we have additionally used a temperature probe for 
measuring the temperatures in the reactor core. Figure 14 shows the temperature profile along 
the reactor centerline (reactor core), at a setpoint temperature of 500°C. Part a) shows the entire 
relevant temperature range (0-600°C) whereas part b) shows the temperature range 500-530°C 
only. 

 

 

Figure 14: Measured temperature profile along Milly reactor centreline. Part a) and b) show the same data. Only the y-scale 
differs. 

As Figure 14 a) illustrates, Milly exhibits a stable and well-controlled temperature profile – in 
a macroscopic perspective. Figure 14 b) discloses that, despite several layers of insulation, there 
are still spatial temperature variations within the reactor. The absolute difference between the 
highest and the lowest temperature along the centerline of Milly is about 15°C. In the 
measurements acquired with the built-in thermocouples during experimentation, we have a 
maximum difference of 40 ˚C. At a setpoint of 500 °C, this difference constitutes a deviation of 
5.2 % in absolute temperature. Assuming the Arrhenius parameters estimated by Adamczyk et 
al.[33], the rate of hydrogen elimination from monosilane increases six-fold1 with a temperature 
increase from 500 °C to 540 °C. The temperature variations in the reactor 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 8.3. 
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Considering the very stable modeled temperature profile in Figure 12, it is, at first, surprising 
to see that the measured temperature profile is so unstable. It turns out, however, that we have 
sub-optimal contact between the electrical heating elements built into the reactor wall and the 
inner metal tube in which the chemical reactions take place. There are thus variations in inner 
reactor wall temperature. Therefore, even if the gas temperature adjusts quickly to the reactor 
wall temperature, we do not get an optimal spatial temperature stability. The situation could 
possibly have been improved by a reactor construction in which the heating elements were in 
contact with the metal of the inner reactor tube via, e.g. a copper jacket to reduce thermal 
gradients [35]. Another possibility would be immersing the reactor tube in a heated oil bath or 
sand bath. All these techniques would help increase the heat conductivity around the reactor 
tube, thus creating a flatter inner-wall temperature profile.  

In spite of her non-ideal temperature profile, I was able to perform a large series of successful 
experiments within Milly which yielded new insights into silane pyrolysis. Some of these 
experiments are described in more detail in Paper VI. 

GGas inlet system, pressure control and exhaust handling 

When Milly is running, the process gas mixture (monosilane and hydrogen) enters the reactor 
from mass flow controllers (MFCs) in a gas cabinet (see Figure 15). The MFCs and their flow 
ranges are listed in Table 2. For monosilane, we use MFCs of the type Bronkhorst Metal Seal, 
whereas for hydrogen we use MFCs of the type Bronkhorst El-Flow Prestige. All the MFCs have 
rated accuracies of ±(0.1% Rd+ 0.5% FS), where Rd represents the actual reading and FS 
represents the maximum flow of the MFCs. 

The gas creates a laminar flow through the reactor. With the flows available from the Milly 
gas cabinet (i.e. the flows listed in Table 2) we achieve residence times in the range from ca. 
0.8 s up to more than 100 s. By routing gas from a neighboring gas cabinet (see Mixed gas line 
from old gas panel in Figure 15), higher flows and thus shorter residence times can be achieved. 
From the neighboring gas cabinet we can also route argon which we use for flushing the reactor 
or as an alternative diluent gas. 

Table 2: Gas flows available from the Milly gas cabinet. 

Gas MFC name 
(see Figure 15) 

Lowest flow [mslm] Highest flow [mslm] 

H2 
H2 - High 5 250 

H2 - Low 0.5 25 

SiH4 
SiH4 - High 0.5 25 

SiH4 - Low 0.08 3.8 

 
The pressure in the reactor is controlled by a pressure regulator (El-Press, Electronic Back 

Pressure Controller), constantly keeping the pressure to its setpoint (normally 1.2 bar), regardless 
of the gas flow. The pressure regulator has a rated accuracy of ±0.0175 bar.  

At the outlet end of the reactor, a 1-inch diameter gas tube carries the reactor exhaust gas to 
the roof where it is released to air. Before it is released, the exhaust gas is diluted with nitrogen. 
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The minimum flow of nitrogen in this process is 75 slm, making sure that the gas concentration 
in the mixed outlet gas is less than 0.04 % for silane and 0.4 % for hydrogen, when flows from 
the Milly gas cabinet are used. These concentrations are well below the lower explosion limit 
(LEL) which amounts to 1.5 % for silane and 4 % for hydrogen. Figure 15 gives an overview of 
the gas-infrastructure related to Milly. 

 

Figure 15: Schematic overview of the mini-scale free-space reactor and its related infrastructure. 

SSampling to GCMC and MS 

In addition to the main exhaust stream being diluted with nitrogen and released, a side stream 
of exhaust is pulled to the gas analysis instruments GC-MS (section 7.2 ) and MS (section 7.3) 
where it is analyzed. Because of the high boiling points of the higher order silanes (see 
section 8.1), we heat the transfer line with heating cables insulated by polytetrafluoroethylene 
(PTFE) as well as silicone foam tape. Despite carefully applied heating cables and insulation, we 
suspect that some parts of the transfer system are colder than the heating cables’ setpoint. We 
therefore keep a setpoint of 150°C, and assume that all parts hold a temperature of at least 
120°C. Considering the boiling points of the various higher order silanes (see Figure 21) a 
temperature of 120°C implies that at atmospheric pressure all tetrasilane isomers will stay in the 
gas phase, whereas pentasilanes might be in the liquid phase. Further elaboration on the boiling 
points of higher order silanes can be found in section 8.1. 
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SSafety-related infrastructure 
Milly is situated in a separate room, which provides a safe environment for running her even 

if other colleagues are present in the main laboratory space. The room is carefully equipped with 
ventilation and gas alarm system to ensure safe operation. These systems are further connected to 
the ventilation and gas alarm systems in the rest of the lab, meaning that Milly carries the same 
safety level as the other reactors and the lab as such. 

During a silane reactor experiment, the reactor operator sits in an explosion-safe control room, 
separate from the reactor hall. The reactors, their gas inlet system and related analysis tools 
(GC-MS (section 7.2), MS (section 7.3) and exhaust monitor (section 7.4)) are all remotely 
controlled from this room. The reactor control program that we use is tailor made to our 
applications in a LabView interface by Cornelis Arnoldussen at IndCon AS.  

Further details about safety routines and safety related infrastructure are described in 
section 3.4 of Paper VI. 

7.1.4 Reactor operation and experimentation 

In a typical experiment, all but one of the reactor parameters is kept constant. As one 
parameter, for example monosilane inlet concentration, is scanned, we perform a GC-MS 
measurement at each chosen setpoint of the scanned parameter. A GC-MS measurement from the 
reactor means that exhaust gas from the reactor outlet is being sucked through the tube to the 
GC-MS and injected into it (see further details in section 7.2). Analysis of one gas sample takes 
about 30 minutes. We schedule reactor parameter changes such that a new set of parameters is 
set shortly after one gas sample is injected to the GC-MS. The reactor will thus have about 30 
minutes to stabilize at the new setpoint before a new gas sample is injected. 

After a complete experiment consisting of a parameter scan, we open the reactor in both ends 
and blow out any produced particles (dust) with pressurized N2. With this procedure, we assume 
the reactor to be “zeroed” or “reset” meaning that it is ready for a new experiment, without 
influence from particle production in the previous experiment. We inspect the produced particles 
visually and store them for possible further analysis. Since the main goal of my project was to 
understand the chemical path through which the monosilane pyrolysis proceeds, I focused my 
efforts on analyzing the concentration data that our GC-MS measurements give, rather than 
further investigating the produced particles. The GC-MS data is therefore regarded as the main 
outcome of an experiment in the remainder of this thesis. 

Experimental data from Milly is presented in Paper V and Paper VI. For the latter 
contribution, we scanned temperatures in the range 450-530 ˚C and monosilane inlet 
concentrations in the range 2.5% -100%. The residence time was kept constant at 2.5 seconds. 
By sampling with the GC-MS at each parameter combination, we were able to map the formation 
of higher order silanes as function of temperature and monosilane inlet concentration. Further 
details on the experimental procedures and the results of these experiments can be found in 
Paper VI. 



Chapter 7. Experimental methods 
 

64   

7.2 GC-MS 

The gas chromatograph-mass spectrometer (GC-MS) installed in the Silicon Production 
Laboratory at IFE is designed to monitor the higher order silanes that result from silane pyrolysis 
reactions. Because of the reactivity of the silanes, the GC-MS is far from a standard “off-the-
shelf” product. It is designed and built by Matriks, in cooperation with IFE colleagues, with parts 
mainly from Agilent and AFP (Analytical Flow Products).  

7.2.1 The never-ending story  

The construction of the GC-MS has not been a single event but a long (and still ongoing) 
process closely connected to my PhD work. The GC-MS was first installed in our lab late 
autumn 2015. About one and a half years later it was sent back to Matriks for a re-build to make 
the gas inlet system fulfill the temperature requirements that we originally agreed upon. 
Following this first rebuild, leaking stream selector valves (AFP DVS-4 sample stream selection 
diaphragm valve, see section 7.2.2) have been sent forth and back to Matriks and to AFP several 
times in attempts to have them fixed. About one year later – after large efforts by Matriks and 
AFP and hundreds of troubleshooting lab hours by confused PhD candidates – we finally decided 
to give up on the AFP valves and look for another solution to the problem. As a matter of fact, 
the GC-MS has therefore not yet (as of February 2019) passed its site acceptance test at IFE after 
the first re-build. Matriks now plans to rebuild the system again and replace the AFP-valve by 
rotary valves. As we are waiting for the new solution form Matriks, we are using a provisional, 
self-made, manual injection system. All the experiments reported in Paper VI rely on this manual 
injection system.  

Even if the GC-MS does still not perform according to the stated requirements, it has already 
at the current stage proven to be an advanced and very valuable tool for the identification and 
quantification of higher order silanes. This subchapter describes the GC-MS in the form it has 
had for the largest part of my PhD-time. I do neither go into detail about how it appeared before 
the first re-build, nor on the provisional solution that we use at the present. A detailed description 
of the system before the first re-build is available in Paper IV and in ref [85]. As large parts of 
the system are unchanged by the re-build, some of the paragraphs here appear also in the 
mentioned references. 

7.2.2 Gas injection system 

Because of the high boiling points of many of the silanes we are analyzing (see section 8.1), 
the entire GC-MS, and so also the system that injects gas into the GC-MS, must be heated in 
order to prevent species with high boiling points from depositing at the inner surface of the gas 
lines. On the other hand, heating the lines too much might result in chemical reactions taking 
place in the lines themselves, thus altering the measurement result. As a compromise between 
these two conflicting criteria, we have chosen 120°C as the temperature of the gas inlet system of 
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the GC-MS. At this temperature (and atmospheric pressure) all tetrasilane isomers will stay in 
the gas phase, whereas pentasilanes may still exist in the liquid phase. Figure 21 in section 8.1.1 
gives an overview of the boiling points of various higher order silanes up to heptasilanes, and 
thus a good indication to these gases’ behavior at various temperatures.  

 As most electronic devices (and so also electronically controlled valves) cannot handle such 
high temperatures, we use pneumatically controlled stream selector valves2 (AFP DVS-4 sample 
stream selection diaphragm valve). The electronics by which the pneumatic system is controlled 
are placed outside the heated zone. Figure 16 is a drawing of the main elements contained in the 
gas inlet system as well as the gas chromatographic system. 

 

 

Figure 16: Drawing of the gas injection system and the gas chromatographic system. Sample gas run through the vertical line 
and is injected when the two sampling loops V1 and V2 are rotated. See text for further explanation of the working principles.  

During sampling, gas is pushed or sucked trough one of the ports in the stream selector valve 
(DSV8 in Figure 16). When running Milly, we keep her at a constant, slight overpressure 
(1.2 bar, see section 7.1.3) to facilitate a positive gas flow from the reactor to the GC-MS. Active 
suction of gas aided by a vacuum pump at the GC-MS (by V7 in Figure 16) would be another 
way to inject a sample. The gas sample may be the exhaust of any reactor connected to the 
system, a calibration standard (see section 7.2.6), an inert gas for flushing or any other gas 

                                                 
2 Before the re-build of the GC-MS, the gas inlet system had a temperature of 60°, not requiring the electronics 

to be separated from the valves themselves. The valves where thus not pneumatically controlled. 
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sample that we want to analyze. The multiple inlets on the stream selector valve give flexibility 
by letting us sample pyrophoric gases from various sources without the need of connecting or 
disconnecting gas lines. 

From the stream selector valve, the gas flows into an inert coil (the “Argon piston”). The idea 
for this injection technique was adapted from ref. [86]. More details on the functioning of the 
Argon piston in our setup can be found in Paper IV. From the argon piston (“inert volume” in 
Figure 16), the gas flows further into two 500 μl sampling loops (Purged High Performance 
Mini-Diaphragm Valve, 10 ports of 0.030’’, Dursan coated, Valve V1 and V2 in Figure 16) with 
He carrier gas. The sampling loops are connected to a ventilation line leading to a N2-purged 
exhaust outlet at atmospheric pressure. The connection to atmospheric pressure ensures that the 
pressure of any sample (with initial pressure above 1 atm) that we inject will equilibrate to 1 atm 
before it is injected to the gas chromatographic system. 

7.2.3 Gas chromatographic system 

The functioning of the gas chromatographic system is described in detail in Paper IV. For 
completion, the relevant paragraphs are repeated here. 

The purpose of the gas chromatographic system is to separate the different chemical species 
in a sample before they reach the mass spectrometer or other detectors. This separation allows us 
to study the mass spectrum of one species at a time with little interference from other species. 
The separation of the analyte gas is achieved by an Agilent 7890B GC system, including four 
different GC columns (see Figure 16). The GC separation columns are contained in an oven 
where the temperature can be controlled, thereby affecting the elution times of the different 
species. The system includes three detectors: a thermal conductivity detector (see section 7.2.5), 
TCDperm, for measuring the so-called permanent gasses (H2, N2, Ar and He); a second thermal 
conductivity detector, TCDsilane, for measuring monosilane and disilane (Si2H6); and a 
quadrupole mass selective detector (MSD, see section 7.2.4) for measuring trislane (Si3H8) and 
larger silanes. By changing the GC-MS measurement procedure, the allocation of gases to be 
detected by the various detectors can be changed as desired. Using TCDs for the detection of 
mono- and disilane protects the MSD from the high concentrations of these species in our 
experiments. The TCD is a simpler and more robust detector than the mass spectrometer and can 
more easily be replaced when degraded by silane depositions. 

The main analytes of interest measured by TCDperm are H2 and Ar. The concentration of H2 is 
of interest because it is a product in the overall silicon conversion. Argon is used in the Ar piston 
sampling system (see section 7.2.2) and measuring Ar is therefore useful to check for unwanted 
mixing of the forcing gas with the sample.  

Samples are injected into the GC from a 500 μl sampling loop (Purged High Performance 
Mini-Diaphragm Valve, 10 ports of 0.030”, Dursan coated, Valve V1 in Figure 16). When 
leaving the sampling loop V1, the gas is injected into a GS-CarbonPLOT column (Porous Layer 
Outer Tubular column, part number 115-3113) from Agilent. After the permanent gasses elute 
from the CarbonPLOT column, we backflush the silanes that remain in the CarbonPLOT. The 
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permanent gasses are further separated in a HP-Molseive column (Agilent, part number 19095P-
MS0). 

The two analytes of interest measured by TCDsilane are monosilane and disilane. A second 
500 μl sampling loop (Purged High Performance Mini-Diaphragm Valve, 6 ports, valve V2 in 
Figure 16) injects onto a split/splitless valve (SSL). This valve further injects onto a Select 
Silanes column (Agilent, part number CP7435), which separates the silanes. A Deans switch 
(Diaphragm Valve with Outboard purge, 3 Ports) at the end of the Select Silanes column diverts 
monosilane and disilane, which elute from Select Silanes together under our normal conditions, 
to a HP-PLOT/Q+PT column (Agilent part number 19091P-QO4PT). After the HP-PLOT/Q+PT 
column, the two species are well separated and detected by TCDsilane. Higher order silanes are 
sent through a restrictor before they are detected in the MSD. 

7.2.4 Mass spectrometer 

The mass selective detector (MSD, type Agilent 5977A, subtype G7038) is a standard 
quadrupole mass analyzer, with adjustable electron ionization voltage. Under normal operation it 
is set up for electron ionization (EI) at 70 eV ionization energy. The MSD has unit mass 
resolution and a maximum possible mass range extending from m/z 1.2 to m/z 700.  

The MSD can be set to either total ion count (TIC) or selected ion monitoring (SIM) mode. In 
TIC mode, the MSD runs through and detects all ions within a user-defined range, for example 
from m/z 10 to m/z 200. In SIM mode, on the other hand, only certain user-defined ions are 
measured. SIM allows for higher sensitivity to known species, but it requires a priori knowledge 
of the mass spectra of the species to be measured (see also Section 7.6.1). In Paper IV we 
describe how we have arrived at the mass-spectra of several higher order silanes. Based on the 
mass spectra shown in the paper, we developed a SIM-method which is suitable for measuring 
higher order silanes with up to nine silicon atoms. Table 3 gives an overview of the nominal 
masses of silanes with up nine silicon atoms as well as their fragments after loss of various 
numbers of SiH4-units. As we elaborate on in Paper IV and in Section 7.6.1, fragments resulting 
from this kind of losses seem to have high abundances in the mass spectra, and they can thus be 
used in high sensitivity SIM measurements. The ions included in our recent SIM-method are 
underlined in Table 3. 
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Table 3: Nominal masses of higher order silanes and their fragments after loss of various numbers of SiH4-units.  Masses 
included in our recent SIM measurement are underlined. 

Number of Si atoms → 1 2 3 4 5 6 7 8 9 

Nominal mass of saturated silane → 32 62 92 122 152 182 212 242 272 

 
Nominal mass of fragment after loss of n SiH4 units 

n = 

1 30 60 90 120 150 180 210 240 

2   28 58 88 118 148 178 208 

3     26 56 86 116 146 176 

4       24 54 84 114 144 

5         22 52 82 112 

 

7.2.5 Thermal conductivity detectors 

A TCD (thermal conductivity detector) works by comparing the thermal conductivity of two 
gas flows, of which one is pure carrier gas (the reference gas) and the other is carrier gas plus 
sample components (the column effluent). Our two TCDs (TCDsilane and TCDperm) both use 
helium as reference gas.  

The thermal conductivity of the gas is measured by a filament whose temperature is held 
constant by electric heating. The filament is hotter than the detector body. Alternate streams of 
reference gas and column effluent passes over the filament, thus causing changes in the power it 
takes to keep the filament at constant temperature. The power difference is measured and 
recorded as the signal.  

Most gas samples have lower thermal conductivity than helium. Therefore, the thermal 
conductivity falls when column effluent surrounds the filament. With our current settings, a 
lowered thermal conductivity creates a positive peak in the TCD signal. Depending on 
concentration, hydrogen diluted in helium can have a thermal conductivity which is either higher 
or lower than the thermal conductivity of pure helium. The resulting signal can therefore be 
either negative or positive. At H2 percentages below 20 % a negative signal is expected. The 
signal is not linear, however, and it is therefore challenging to obtain an absolute calibration. At 
H2 percentages higher than 20 % the signal is positive, and we expect it to be linear with respect 
to the H2 concentration. 

7.2.6 Calibration of GC-MS signals 

CCalibration of mono-, di-, and trisilane signals 

We use three calibration standards from Matheson with known concentrations of 
monosilane (SiH4), disilane (Si2H6), and trisilane (Si3H8) for calibration of the GC-MS signals 
for these three species. The concentrations of these species in the three calibration standards are 
listed in Table 4. Helium is used as dilution gas in the calibration standards.  
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Table 4: Concentrations of SiH4, Si2H6 and Si3H8 in our calibration standards. 

Gas Concentration in calibration standard [ppm] 

Low Medium High 

SiH4 1010 5012 20000 

Si2H6 101 968 2005 

Si3H8 19.9 101 995 

 
Figure 17 shows a typical example of measured instrument responses as function of 

concentration for monosilane, disilane and trisilane. The responses are represented as the area of 
the gas chromatographic peak corresponding to these species. For each species, we use a linear 
fit based on three measured datapoints from our three calibration standards. The fit can be 
calculated either by assuming that zero concentration gives zero signal intensity (zero intercept, 
blue line in Figure 17), or by assuming that zero concentration can give a small positive or 
negative signal (red line in Figure 17). Fitting coefficients resulting from both fitting methods are 
shown in Figure 17. In the results presented in Chapter 8 and in the appended papers, we assume 
zero intercept. 

 

Figure 17: Calibration curves for mono-, di-, and trisilane. Measured data (blue) as well as linear fitted line (red) are shown. 
The fitted response factors (a) and the fitted constant terms (b) are also indicated. 

In each pane of Figure 17, the results of three subsequent calibration measurements, acquired 
with less than one hour time between each, are shown. In mono- and disilane, the results of these 
three injections coincide, indicating a stable response. In trisilane, however, we see a larger 
spread in the measured signals, especially for the high calibration standard. Knowing that mono- 
and disilane are detected by the TCD (section 7.2.5) whereas trisilane is detected by the MSD 
(section 7.2.4), one may attribute the difference between the signals’ stability to a difference in 
stability between the two detectors. Notice however, that the boiling points of mono and disilane 
(see section 8.1) are both well below room temperature indicating that these species will be in 
their gas phase at room temperature and atmospheric pressure. The boiling point of trisilane, on 
the other hand, is above room temperature. Thus, at the temperatures and partial pressures 
relevant for our analyses, trisilane may exist both in gas phase and liquid phase. We have not 
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been able to observe a direct correlation between ambient temperature and measured response of 
trisilane. Nevertheless, we suspect that the possible phase change of the trisilane in our 
calibration bottles may lessen the stability of the measurement response. The measurement 
uncertainty is further discussed in section 7.5. 

DDaily calibration procedure 

During most of my PhD period, our GC-MS has been in state in which it doesn’t allow for 
injections without human interaction (see section 7.2.1). Injecting a full set of calibration 
injections (typically 3x3 injections, each injection lasting about 30 minutes) is therefore a 
laborious process. For this reason, we do not run a full set of calibration injections every time we 
use our reactor-GC-MS-setup. Instead, on a daily basis, we inject only the calibration standard 
with highest silane concentration (see Table 4) and use the measurement response from this 
calibration standard to adjust that day's measured results. Further details of this adjustment 
procedure are explained in Appendix A. 

Saturation in the trisilane signal 

The most abundant m/z in the mass spectrum of trisilane (see section 8.2) 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. 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 presenting data corresponding to the signals of trisilane and higher order silanes, 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.   

Signals from silanes with more than three silicon atoms remain uncalibrated 

Silanes with more than three silicon atoms nSi do appear in our measurements of the 
calibration standards, but the concentrations of these species in the standards are not known. 
Therefore, as of now we have no direct means of quantifying the signals for species with nSi ≥ 4. 
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 (as for example in Figure 23), 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. 

In section 9.2 I give further comments on access to calibration standards and how such access 
could improve our measurement capabilities even further. 
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7.3 MS 

In addition to the GC-MS, which provides data only every 30 minutes, we have a quadrupole 
mass spectrometer (MKS Vision 1000-C), continuously sampling the reactor exhaust, thus 
giving a useful way of monitoring the reactor conditions in-situ. Some of the results in Paper I 
are based on data from the MS, rather than the GC-MS. Generally, we use the MS for real-time 
reactor monitoring, which is important for lab safety. Because of the relatively low sensitivity 
and stability of the MS as compared to the GC-MS we normally don’t use the MS for data 
analysis. 

7.4 Optical exhaust monitoring 

For the investigations of particle nucleation presented in Paper I, we used a particle 
monitoring setup of our own design. The setup is mounted on the outlet of the reactor and 
includes a 100 W mercury short arc light source, a CCD camera and an optical spectrometer of 
the type Ocean Optics Maya 2000. As illustrated in Figure 18, the light source illuminates the 
reactor exhaust. The camera and the optical spectrometer are placed at a 90˚ angle with respect to 
light source. As such, these instruments will only detect the light if it is scattered from particles 
in the exhaust flow. The amount of light scattering from the exhaust will depend on whether or 
not the exhaust contains particles, i.e. whether or not nucleation has occurred in the reactor. The 
imaging capabilities of the exhaust monitoring setup also contribute to understanding the flow 
pattern (e.g. laminar flow or turbulent flow) present in the reactor. The optical exhaust monitor 
was only applied for the results presented in Paper I. 

 

Figure 18: Illustration of the exhaust monitor used for detection of the critical nucleation concentration. 
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7.5 Measurement uncertainty 

We estimate the uncertainty of the GC-MS measurements based on a set of 30 independent 
measurements of the calibration standard with highest silane concentration (see section 7.2.6). 
Based on this set we find uncertainties (empirical standard deviations in absolute volume 
percent) of ±0.013 % for monosilane, of ±0.002 % for disilane and ±0.009 % for trisilane. Given 
the concentrations in the calibration standard, we have relative empirical standard deviations 
below 1% for monosilane, below 1.5 % for disilane and below 10 % for trisilane. These values 
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. As mention in section 7.2.6, 
phase change of silanes with high boiling point can influence the concentration of gases in the 
calibration sample. 

The reactor introduces another source of uncertainty to our setup. Based on a set of 12 
measurements at the same reactor conditions (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 presented in Chapter 8 
and in the appended papers are such that all data in one plot is taken in one single day. We do 
therefore expect that the relative values of the points within each plot presenting GC-MS data 
have relative standard deviations below 10 %.  

Our gas infrastructure and mass flow controllers (MFCs, see section 7.1.3) allow us to cross-
check the calibration for monosilane by sending a known concentration of monosilane [SiH4]MFC 
as measured by the MFCs, through our reactor setup. If the reactor is not heated, we assume that 
no chemical reaction will take place. The outlet concentration [SiH4]GC-MS that we measure with 
the GC-MS should thus equal the inlet concentration [SiH4]MSD. Our test measurements, in which 
we compare [SiH4]MFC and [SiH4]GC-MS  for monosilane concentrations in the range from 2.5 % to 
100% indicate that the two differ with less than 10 %.  

Experimental results based on the MS (section 7.3) and on the optical exhaust monitor 
(section 7.4) are included only in Paper I. As mentioned (see Chapter 3, section I), the 
experiments reported in Paper I where mainly conducted before I started at IFE. An assessment 
of the uncertainty in the MS and the optical exhaust monitor are therefore not included here. 

7.6 Data selection and data processing 

The development of our laboratory equipment and its capabilities has not solely been a story 
of hardware development. Rather, it has been a duality, including developments in hardware – 
how to acquire data, and in software – how to extract, process and visualize data. Looking back 
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at our earliest experiments and their evaluation, it is satisfying to see how both sides of this 
duality have developed. 

In building an infrastructure for measuring a certain phenomenon, the importance of hardware 
development is obvious. The importance of treating the data for getting the most out of the 
measurements might be less obvious. Nevertheless, developing a data processing and 
visualization tool – hereafter referred to as Pyrovizer – tailor made for extracting, processing and 
visualizing data from our Milly-GC-MS experiments, has turned out to become an important 
piece in my PhD puzzle.  

In this subchapter I’ll first – in section 7.6.1 – describe the selection of data that we do already 
when setting up our GC-MS measurement technique. This first section is not dealing with data 
processing as such. Rather, it is about data selection which is important for maximizing the 
signal strength in a potentially noisy dataset. Further – in section 7.6.2 – I describe the 
motivation for developing Pyrovizer. A brief introduction to how Pyrovizer works, what input it 
takes and what output it gives is given in Appendix A. 

7.6.1 Mining signals from noise  

One of the challenges that we have had to overcome in the development of the GC-MS as a 
useful measurement tool is related its high background noise level. Many of the gas samples that 
we are measuring contain higher order silanes at very low concentration. In a measurement using 
total ion count (TIC), the signals from these low concentrations would be indistinguishable from 
the noise level in the measurement. The go-to solution for this kind of noise challenge in the MS 
society would be to do a selected ion monitoring (SIM) measurement of the ions known to be 
abundant in the mass spectra of the species of interest. For most species, the mass spectrum 
would already be known from literature or from a test sample or calibration sample at hand. In 
our case, it is different: Since very little is published about mass spectrometry of higher order 
silanes, and since we have calibration samples only of mono-, di-, and trisilane, we had – when 
we started the experiments described in this thesis – no sure means of knowing what masses we 
were looking for when attempting to measure higher order silanes. 

A natural place to start would be to assume a strong signal at the parent mass for each 
molecule. We would then expect, for example, a strong signal in the mass spectrum of normal 
tetrasilane (n-Si4H10) at the mass corresponding to four times the mass of a silicon atom plus ten 
times the mass of a hydrogen atom i.e. at m/z 122. It turns out, however, that most higher order 
silanes – unlike their hydrocarbon counterparts – fragment in such a way that the parent mass 
gives only a very weak signal in the mass spectrum. The base peak in the spectrum does instead 
correspond to loss of one or more SiH4-units (m/z 32) from the parent molecule. The highest 
peak in the mass spectrum of normal tetrasilane is thus m/z 90. By assuming a similar loss 
mechanism from the species with higher number of silicon atoms in the parent molecules, we can 
deduce what m/z values will have strong signals in the mass spectra of each of the higher order 
silane species. The resulting m/z values are listed in Table 3 (Section 7.2.4).  
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By using the SIM technique with the ions listed in Table 3, we drastically increase the signal 
to noise ratio of our measurements. Figure 19 illustrates the large increase in signal to noise ratio 
by applying SIM rather than TIC measurements. A very similar figure appears in Paper IV. The 
peak at 19.5 minutes (cyclo-Si6H12) is, however, re-labeled in Figure 19, because we have 
identified it after Paper IV was published. Further details on the mass spectra of higher order 
silanes are given in section 8.2 and in Paper IV. 

 

Figure 19: Chromatograms showing the sum of the monitored ions as function of elution time for the same silane gas sample 
measured with TIC (total ion count) and SIM (selected ion monitoring). Note the large difference in sensitivity. The labels show 
the species to which the chromatographic peaks are assigned. The asterisk indicates the signal which we speculate to correspond 
to silyl-cycloheptasilane (see section 8.2). 

7.6.2 Need for a data handling tool 

The concentration of a species in a gas sample defines the size of the peak corresponding to 
that species in the gas chromatogram (e.g. Figure 19). Finding the concentration of the species 
thus requires integration of the gas chromatographic peak. The software (Agilent MassHunter 
Qualitative Analysis, hereafter denoted the Agilent software) which was installed on our GC-MS 
computer by the producer (Agilent) has an automatic function for integrating the area under each 
peak in a chromatogram. The user can set integration criteria and threshold values for peak areas, 
peak heights and other measures, thereby influencing the number of peaks that the integrator 
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identifies. Following the integration, the program writes a file containing start time, retention 
time, end time, peak height, peak area and other features of each identified peak.  

Selecting good integration criteria is not straightforward. The list of identified peaks are 
therefore often long ( > 60 peaks) and many of the listed peaks are so small that they must be 
considered noise. Manually extracting the relevant peak values for the relevant peaks from this 
kind of list would be a laborious process with large risk of introducing human errors. Still, the 
Agilent software installed to the GC-MS computer does not provide a good option for 
automating this process. Generally speaking, this software is oriented towards identifying and 
quantifying species with known mass spectra in one sample at time. The ambition of my project, 
however, is to scan large parameter spaces (i.e. injecting many samples to the GC-MS) and 
comparing the concentration of a large number of species across all of these samples. The 
discrepancy between these two view-angles (quantifying one species in one sample and scanning 
several samples) demands some extension of to the available data handling tool. For this reason, 
I developed a data handling and visualization tool named Pyrovizer. Pyrovizer is developed in 
Matlab version R2014b.  

Calibration of mono-, di-, and trisilane, the species for which we have calibration standards 
(see section 7.2.6), can be done in the Agilent software in the GC-MS computer. Relative 
calibrations for the other species are however, not so straightforward. For this functionality as 
well as for the daily adjustment to the calibration standard with the highest concentration of 
mono-, di-, and trisilane (see section 7.2.6), it has proven useful to have a separate purpose-built 
data handling tool. Further, the previously described special calibration of the trisilane signal, 
excluding m/z 60 which would saturate the detector at high concentrations (see section 7.2.6) is 
also aided by Pyrovizer. 

As we are experimenting, our total amount of data is ever-increasing. Keeping track of all 
measurements we have done at all parameter combinations is increasingly demanding. Pyrovizer 
is a great help as a searching engine or an intelligent library that can point to, for example, all 
measurements done at a certain temperature, or at a certain combination of temperature, 
monosilane concentration and residence time. 

Last but not least, Pyrovizer is a very useful plotting and visualization tool that can quickly 
extract a certain user-defined set of measurements and plot the results as function of one or two 
user-defined parameters. This is an easy and efficient way of visualizing the combined results of 
reactor-GC-MS data harvested over several months. Pyrovizer has proven to be an invaluable 
tool for getting a better understanding and overview of a complex, and sometimes confusing, 
dataset. It is providing great help in finding trends in the data, in choosing parameters for further 
experimentation and even for unveiling failures in the experimental setup. Examples of plots 
made by Pyrovizer are shown in Figure 20. 

The figure displays outlet concentrations of two different tetrasilane isomers as functions of 
monosilane concentration and temperature during monosilane pyrolysis. Readers are referred to 
section 5.4 of Paper VI for further discussion of the results visualized in the figure. 
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Figure 20: Example of plot made by Pyrovizer. The outlet concentrations of n-tetrasilane (left pane) and cyclotetrasilane (right 

pane) are here plotted as functions of reactor temperature and monosilane inlet concentration. The data visualized in this figure 

is also included in Fig.5 of paper VI.  

Pyrovizer’s capabilities of efficiently extracting and sorting data makes it a flexible tool 

which can easily be developed further to solve new tasks and answer new questions. In 

Appendix A, I’m outlining how Pyrovizer works, what input it takes and what output it gives. 

This appendix is most of all intended as guideline for colleagues who will continue working with 

the GC-MS infrastructure and thus hopefully will continue to use and develop Pyrovizer.  

7.7 Chapter summary 

A large part of my PhD project has been devoted to developing laboratory infrastructure. The 

trio consisting of Milly (section 7.1.3), the GC-MS (section 7.2) and Pyrovizer (section 7.6.2) 

can thus be considered an important outcome of the project. First, Milly provides a simple and 

safe platform for exploring the effects of various reactor parameters on the monosilane pyrolysis 

process. Second, the GC-MS is a unique tool of detecting and quantifying the reaction products. 

Third, the Pyrovizer provides an efficient way of sorting and visualizing the results from Milly 

and the GC-MS harvested from large series of experiments performed over a long time span. 

Together, the trio can help provide insight into the complexity of the monosilane pyrolysis 

process.
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8.  RESULTS AND DISCUSSION 
 
The majority of the results obtained through my PhD work is presented and discussed in the 

appended papers. In this chapter, I give an overview of the results, both those that are included in 
these papers and selected results that so far are unpublished.  

The results and discussion in this chapter are presented topic by topic, rather than in any 
chronological order. My PhD project has resulted in a continuous and parallel development of 
experimental setups, of measurement and analysis methods and of the overall understanding of 
the monosilane pyrolysis process. As a consequence, there are cases in which our more recent 
understanding sheds new light upon or adds detail to previously published results of my PhD 
work. I therefore include updated or revised versions of some selected figures that have already 
been presented in one of the appended papers. 

In this chapter results are not necessarily given weight according to their overall importance 
or priority. The most important results are properly discussed in the appended papers. Where this 
discussion is deemed sufficient for the purpose of this thesis, I give these results less attention 
here. Other results which I was unable to fit into these papers are, however, given more attention 
here. The final highlighting of the most important results is done in Chapter 9.

8.1 Boiling points of higher order silanes 

An important limitation in the research related to monosilane pyrolysis has been the lack of 
ways to detect and identify the various higher order silane isomers. A prerequisite for my further 
investigations was therefore to develop an analysis tool that allowed for detection and 
identification of these species.  

As described in section 7.2, we have a tailor-made GC-MS system designed for this purpose. 
The gas chromatographic system (GC) separates different gasses in time by their different 
travelling times through the GC columns. The output from the GC-MS is a chromatogram with 
peaks corresponding to the various higher order silane species (see for example Figure 19). 
Knowing which peak corresponds to which species is not straightforward. We have two main 
tools for identifying a species based on the GC-MS data. First, a species might be identified by 
its mass spectrum. Second, a species might be identified from its gas chromatographic retention 
time, i.e. the time at which it elutes from the GC column. 

In most applications of GC-MS, the mass spectra of the species of interest are known prior to 
the analysis. The knowledge of mass spectra of higher order silanes available in the literature is, 
however, sparse (see section 8.2). Also, the fragmentation patterns of isomers from the same 
higher order silane family (i.e. from silanes with the same number of silicon atoms) are often 
very similar. It has therefore hitherto been difficult or even impossible to assign species based 
solely on their mass spectra. 
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The gas chromatographic retention times of the higher order silanes in our GC system were 
also unknown prior to our analyses. We find it reasonable to expect, however, that the retention 
time of a species to some degree depends on the species’ boiling point. Among light hydrocarbon 
isomers with the same molecular structures as the silane isomers we are analyzing, the order of 
the GC retention indices [87,88] correspond very well to the boiling point order [89]. If the 
situation is similar for silane isomers, this is a viable route to the detection of the higher order 
silanes. Knowledge on the boiling points of the various higher order silane isomers is therefore 
an important prerequisite when attempting to identify silanes from their gas chromatographic 
retention times.  

8.1.1 Collection of boiling point values from the literature 

Boiling points of higher order silane isomers have, as opposed to boiling points of 
hydrocarbon isomers, not been thoroughly addressed in the literature and are not frequently 
tabulated. As a part of this work I have therefore conducted a thorough literature review to find 
as much published data regarding boiling points of silanes as possible. In Figure 21, available 
boiling points at 1 atm of various higher order silane isomers are plotted as function of the 
number of silicon atoms in the species. A similar figure is also shown in Fig. 3 of Paper IV.  

Some higher order silane isomers have differing boiling points in different reports in the 
literature. Through our work with GC-MS analyses of these species, we have assessed which of 
the reported boiling points we find trustworthy and which we find less trustworthy (see further 
explanation in section 8.1.2). In the present version of the figure, two of the reported boiling 
points that we have assessed as less trustworthy are put in brackets.  
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Figure 21: Boiling points at 1 atm of various higher order silane isomers, as found in the literature. The boiling points are 
plotted as function of number of silicon atoms in the species. The data is taken from Landolt- Börstein (1960)[90], Fehér et al. 
(1958)[91], Fehér et al. (1973) [92], Höfler and Jannach (1973)[93], Fehér and Freund (1973)[94], Hengge and Bauer (1975) 
[95], Günter (1976)[96] and Hengge and Kovar (1979) [97]. The boiling point of cyclopentasilane (cyclo-Si5H10) reported by 
Günter [96], and the boiling point of disilytrisilane (neo-Si5H12)  reported by Feher and Freund [94] are put in brackets because 
we find them less trustworthy than the boiling point reported by other authors for the same species (see section 8.1.2 ). 

8.1.2 Assessment of reported boiling point values 

Figure 21 shows boiling points at 1 atm as a function of the number of silicon atoms in 
various silane isomers. For two of the silane isomers, where conflicting values are reported in the 
literature, we assess which of the boiling point values we find to be most trustworthy. Our 
assessment is based on how the values are obtained and on how they correlate with the elution 
times that we observe in our GC-MS setup. 
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For cyclopentasilane (cyclo-Si5H10), a boiling point value of 173.3 ˚C is reported by Günter 
[96] and a value of 195 ˚C by Hengge and Bauer [95]. Both values are based on extrapolation of 
vapor pressure measurements in temperature ranges which do not include the boiling point itself. 
However, the temperature range investigated by Hengge and Bauer is wider and closer to the 
actual boiling point than the temperature range investigated by Günter. Further, Hengge and 
Bauer find that the vapor pressure at high temperatures deviates slightly from a simple linear 
function of 1/T. Therefore they apply a complex fitting equation, previously applied by other 
authors for the vapor pressures of mono-, di and trisilane [90,98]. Günter, on the other hand, uses 
a simple linear regression method. For these reasons we assume the value reported by Hengge 
and Bauer to be the more trustworthy. This is also discussed in section 3.1 of Paper IV. 

Our GC-MS measurements show that cyclopentasilane elutes after some of the hexasilane 
species (see Figure 19). Based on a comparison of GC retention indices and boiling points 
among hydrocarbon isomers [87–89], this observation strongly suggests that the boiling point of 
cyclopentasilane is higher than the boiling point of some of the hexasilane isomers. The boiling 
point for cyclopentasilane reported by Hengge and Bauer is, indeed, higher than the boiling point 
of silylpentasilane (iso-Si6H14) and n-hexasilane (see Figure 21). The value reported by Günter, 
is, on the other hand, lower than the boiling points of theses hexasilanes. As such, our observed 
GC retention times also indicate that the boiling point reported by Hengge and Bauer is the most 
trustworthy of the two. 

For disilyltrisilane (neo-Si5H12), a boiling point of 130˚C is reported by Höfler and 
Jannach [93], whereas a boiling point of 134.3 ˚C is reported by Fehér and Freund [94]. Based on 
the way these boiling points are found, we find no reason to trust one more than the other. As 
reported in Paper V, however, we observe a linear relation when we plot the logarithm of the 
retention times observed in our GC-MS setup versus the inverse of the boiling points reported in 
the literature (see Figure 4 of Paper V). At present, we are unable to explain the physical reasons 
for the remarkably clear linear relation. Nevertheless, the linearity of our data tempts us to 
consider the boiling point for disilyltrisilane reported by Höfler and Jannach as the more 
trustworthy of the two. The same argument can also be used to support our assessment of the 
boiling point value of cyclopentasilane.    

Table 5 is a list of boiling points that are presented visually in Figure 21. A similar table 
appears in the Supporting information of Paper IV. In the present version of the table, the boiling 
points that we assess as less trustworthy are put in brackets. This information is an important 
background for our development of the GC-MS measurement technique and our subsequent 
analysis of GC-MS data. 
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Table 5: Boiling points of silanes, as reported in the literature. See graphic representation in Figure 21. A similar table is 
presented in the supporting information of Paper IV. In this version of the table, values corresponding to boiling points that we 
assess as less trustworthy are put in brackets (see section 8.1.2). 

Species   Reported boiling point [°C]    Reference 

 SiH4 -111 .19  Landolt-Börnstein, 1960 [90] 
 Si2H6 -14 .2  Landolt-Börnstein, 1960 [90] 
 Si3H8 53   Landolt-Börnstein, 1960 [90] 
 i-Si4H10  101 .7  Fehér et al., 1973 [92] 
 n-Si4H10 108 .1  Fehér et al., 1958 [91] 
 n-Si5H12 153 .2  Fehér et al., 1973 [92] 

 neo-Si5H12 130   Höfler and Jannach,1973 [93] 
(134 .3)  Fehér and Freund, 1973 [94] 

 i-Si5H12 146 .2  Fehér et al., 1973 [92] 

 cyclo-Si5H10 195   Hengge and Bauer, 1975 [95] 
 (173 .3)  Günter, 1976 [96] 

 i-Si6H14 185 .2  Fehér et al., 1973 [92] 
 n-Si6H14 193 .6  Fehér et al., 1973 [92] 
 cyclo-Si6H12 226   Hengge and Kovar, 1979 [97] 
 n-Si7H16 226 .8  Fehér et al., 1973 [92] 

8.1.3 Summary of section results 

Based on literature review and on the correlation between boiling points and gas 
chromatographic retention time of higher order silanes, we have been able to collate and assess 
reported boiling points at 1 atm of various higher order silane species. As boiling points are one 
out of few handles for identifying our GC-MS signals, the collated information is an 
indispensable tool for detecting various higher order silane species and for identifying their mass 
spectra. 

8.2 Mass spectra of higher order silanes 

The identification of mass spectra of higher order silanes has for two main reasons been an 
important part of my PhD work. First, since I needed a way to detect the various higher order 
silane isomers, identifying the GC-MS signal corresponding to each species has been a necessary 
prerequisite for my further investigations. Second, since little was published regarding the mass 
spectra of higher order silane prior to this work, I have, to the best of my knowledge, been the 
first to publish several of these spectra.  

Identification of the mass spectrum of a species does, in most applications, include 
preparation of the species of interest in a solution in which the spectra of all other components 
are known. That way, the unknown spectrum can be defined very accurately. In my work with 
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higher order silanes, I have not had access to such samples (see section 7.2.6). My identification 
of mass spectra of higher order silanes is therefore based on several less secure pieces of 
information, like the species’ boiling points, as described in section 8.1. I am aware that this way 
of identifying spectra is less accurate and has a higher risk of mistakes than the more classical 
procedure with separated calibration samples. The risk of mistakes is higher because we have no 
secure means of knowing what species are present in the gases we measure. The accuracy is 
lower, because the concentrations of the species we measure are low and because several 
unknown species, with possibly interfering mass spectra and similar gas chromatographic 
retention times, are present in the same samples. 

Nevertheless, since several of the spectra identified within this PhD project were unknown 
prior to our investigations, this work represents a significant step forward in the research 
community’s ability to identify higher order silanes. 

8.2.1 Identification of mass spectra by boiling points and fragmentation patterns 

Roughly speaking, we have put three types of information together to identify the mass 
spectra of higher order silanes.  

 We have used the sparse mass spectral data available in the literature ([95,97,99–101] 
and others, see details in Paper IV).  

 We have collected, assessed and used available boiling points of higher order silanes 
in the literature. We expect that the chromatographic retention time of a species to 
some degree depends on the boiling point (see section 8.1 and Paper IV and V).  

 We have studied the fragmentation pattern of the species. As already mentioned 
briefly in section 7.6.1, the higher order silanes tend to fragment by loss of SiH4-units 
(m/z 32)[92]. This loss mechanism gives us a tool for identifying which higher order 
silane family a certain gas chromatographic peak, with a certain mass spectrum, 
originates from.  

It is worth to note that these pieces of information are used iteratively during our 
identification of the various higher isomers. Readers are referred to Paper IV for details on how 
our identification is performed, as well as further discussion of the fragmentation pattern of the 
higher order silanes. 

Figure 22 displays the mass spectra of all the species which we, as of now, have identified 
with our GC-MS setup. Some of the spectra also appear in various figures in Paper IV. I have 
here collated them for comparison and overview. Six of the mass spectra that I present here have, 
to my knowledge, never been reported in the literature until we published them in Paper IV. The 
mass spectra that we were the first to report include those of the tetrasilane isomers n-tetrasilane 
(n-Si4H10), silyltrisilane (i-Si4H10) and cyclotetrasilane (cyclo-Si4H8) and of the pentasilane 
isomers n-pentasilane (n-Si5H12), silyltetrasilane (i-Si5H12) and disilyltrisilane (neo-Si5H12). The 
spectrum of what we believe is the cyclic heptasilane isomer silyl-cylohexasilane (see section 
8.2.2) is also unpublished in the literature. 
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Figure 22: 70 eV mass spectra of monosilane, disilane, trisilane, three tetrasilane isomers, four pentasilane isomers and one 
hexasilane isomer as measured by our GC-MS setup. The isomeric structures of the molecules are indicated by the drawings. The 
lower pane displays the mass spectrum of a species which we assume is silyl-cyloclohexasilane (see section 8.2.2). As the 
assignment of the displayed mass spectrum to this species still is unsure, the spectrum is drawn in grey. 
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8.2.2 Identification of mass spectra by concentration development during 
monosilane pyrolysis 

Our assignments of mass spectra to higher order silane isomers is, as mentioned in section 
8.2.1, based primarily on mass spectral data available in the literature, on boiling point 
information and on study of fragmentation patterns. In addition to these three sources of 
information, we have also used the development in outlet concentration of various isomers 
during monosilane pyrolysis to aid our assignments. 

In Paper VI, we investigate the formation of various higher order silane species as function of 
the variables temperature and monosilane inlet concentration during monosilane pyrolysis (see 
for example Fig. 3 of Paper VI). Our investigations show that the species which we – through the 
three methods mentioned in section 8.2.1 – have categorized as cyclic higher order silanes, 
behave differently as function of the investigated variables than those that we have assigned as 
non-cyclic. The different behavior of the cyclic species compared to that of non-cyclic species is 
in line with research presented by other authors [29,31,34,45,60]. The fact that the species that 
we have assigned as cyclic behave differently from those that we have assigned as non-cyclic 
does therefore supports our assignments. 

Based on the three methods described in section 8.2.1, we have identified cyclic tetrasilane, 
cyclic pentasilane and cyclic hexasilane (see Figure 22). We have, based on the same methods, 
not yet been able to identify the various heptasilane species. Upon studying the concentration 
development of various higher order silane isomers as function of temperature during 
monosilane pyrolysis (see Fig. 3 of Paper VI), we find that one of the heptasilane isomers 
exhibits a special behavior compared to the other heptasilanes. The development of this species 
is very similar to what we observe for cyclic penta- and hexasilane. As we explain in more detail 
in Paper VI, we therefore speculate that this heptasilane isomer is cyclic.  

The mass spectrum of the mentioned heptasilane species is very similar to that of 
cyclohexasilane. Therefore, we find it reasonable to assume that this species is silyl-
cyclohexasilane (i.e. a six-membered ring with a silyl group attached to it). An assessment of the 
elution time of the species (see Figure 19), along with the boiling point of the equivalent 
hydrocarbon isomer (metylhexane) compared to the boiling points of other heptane isomers 
supports this assumption. According to Adamczyk et al. [60] and references therein, rings with 
more than six members are thermodynamically unfavored. It is therefore unlikely that such rings 
will be formed in large quantities during silane pyrolysis. Also for that reason, we assume that 
heptasilane species in question contains a six-membered ring with one silyl group, rather than a 
seven-membered ring. Still, the assignment of the mentioned GC-MS signal and the associated 
mass spectrum is speculative. I have therefore, in Figure 22, included the relevant mass spectrum 
in grey.  
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8.2.3 Summary of section results 

With our GC-MS setup, we can identify the mass spectra of higher order silane isomers with 
up to five silicon atoms, as well the mass spectrum of cyclohexasilane. We further tentatively 
assign the cyclic heptasilane isomer silylcyclohexasilane. Among the mass spectra we identify, 
six were unknown in the literature until published by us. 

Our ability to identify more higher order silanes than any previous author has put us in a 
unique position to explore the formation of various higher order silane species during 
monosilane pyrolysis.  

8.3 Influence of temperature on monosilane pyrolysis 

Many externally controlled parameters influence monosilane pyrolysis. In addition to 
temperature, residence time and monosilane inlet concentration, which are devoted most 
attention in this work, other important parameters include reactor geometry, flow rates, choice of 
diluent gas and presence of silicon particles. These parameters span a multidimensional 
parameter space in which the effects of the parameters are interlinked. Untangling the effects of 
the individual parameters is hard, or even impossible.  

Several of my contributions (Paper I, II, III, IV and VI) include investigations of monosilane 
pyrolysis as function of one or more of these parameters. In this and the following subsections, I 
sum up the main results regarding the effects of temperature (section 8.3), monosilane inlet 
concentration (section 8.4) and residence time (section 8.5). Since the effects of these parameters 
are interlinked, the two latter sections (8.4-8.5) also contain results regarding the combined 
effects of concentration and temperature and of residence time and temperature. In all the 
experiments presented here, hydrogen is used as diluent gas.  

8.3.1 Influence of temperature on formation of higher order silanes 

Throughout our investigations of monosilane pyrolysis as function of temperature, we find an 
increase in the exhaust concentration of higher order silanes in a narrow temperature range. The 
higher order silanes are intermediates in the monosilane pyrolysis process. As such, the increased 
concentrations of these species is an obvious indication that monosilane pyrolysis takes place, as 
expected. The subsequent decreased concentration of the same species at higher temperatures 
indicates that an increasing fraction of the silicon atoms contained in the initially injected 
monosilane has developed further through the reaction network, resulting in the formation of 
even larger silicon hydrides and silicon particles. 

An increase in the concentration of silanes with up to three silicon atoms during monosilane 
pyrolysis has previously been measured by other authors  [32,37,71]. We measure this increase 
for silanes with up to nine silicon atoms. Furthermore, we find that the exact temperature of the 
concentration maximum depends, among other factors, on monosilane inlet concentration, on 
residence time and on the specific higher order silane isomer in question. 
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In Paper III and Paper VI, we study the development of the concentration of various higher 
order silane isomers as a function of temperature in detail. After Paper III was published we have 
been able to differentiate the GC-MS signals of cyclic silanes from those of the non-cyclic 
silanes. In Figure 23, I have therefore replotted our results published in Paper III with respect to 
our most recent knowledge on the assignment of GC-MS signals to higher order silane species 
(see section 8.2). Similar plots, with the same data but somewhat differing signal assignments, 
appear in Fig. 3 of Paper III. The changes to Figure 23 as compared to Fig. 3 of Paper III include 
the new assignments of cyclopentasilane and cyclohexasilane.  

 

Figure 23:  Outlet concentration of silanes as function of temperature during pyrolysis of 10 % monosilane diluted in hydrogen. 
Left pane: calibrated outlet concentrations for monosilane, disilane and trisilane. Right pane: signal intensities in arbitrary units 
for silanes with 3 through 9 silicon atoms, as measured by mass spectrometry. Similar plots appear in Fig.3 of Paper III. In this 
version of the figure, the assignment GC-MS signals to silane isomers is updated according to our most recent knowledge (see 
section 8.2). 

Figure 23 indicates that the peak in outlet concentration shifts to higher temperatures with 
increasing number of silicon atoms contained in the silane species. The peak does also shift to 
higher temperatures for cyclic as compared to non-cyclic silanes. We further observe that, in the 
temperature region below the concentration maximum, the increase in the outlet concentration as 
function of temperature is faster for the cyclic species than for the non-cyclic species. 

 These observations, which are based on measurements performed in our lab-scale FSR Lilly 
(section 7.1.2), corresponds very well to our later results of measurements performed in our 
miniature-scale FSR Milly (section7.1.3). The corresponding results from Milly are shown in 
Fig. 3 of Paper VI. The fact that we observe the same trends in the formation of cyclic and non-
cyclic higher order silanes as function of temperature in two different reactors, strongly 
substantiates our results and the discussion thereof, presented in Paper VI. Trends in the 
formation of cyclic and non-cyclic higher order silanes are further discussed in sections 5.3 and 
5.4 of Paper VI. 

Reactor temperature [ °C]
450 470 490 510 530 550 570 590

Si
gn

al
in

te
ns

ity
[a

.u
.]

102

103

104

105

106

107

disilane
trisilane

monosilane

Reactor temperature [ °C]
450 470 490 510 530 550 570 590

Ex
ha

us
tc

on
cn

et
ra

tio
n

[p
pm

]

104

0

1

2

3

4

5

6

7

8

9

10

Ex
ha

us
tc

on
cn

et
ra

tio
n

[p
pm

]

0

200

400

600

800

1000

1200

1400

1600

iso-tetrasilane
n-tetrasilane
neo-pentasilane
iso-pentasilane
pentasilane
n-pentasilane
hexasilane
hexasilane
hexasilane
cyclopentasilane
cyclohexasilane
heptasilane
octasilane
octasilane
octasilane
octasilane
octasilane
octasilane
octasilane
nonasilane

disilane
trisilane

monosilane



Chapter 8. Results and Discussion 

  87 

8.3.2 Summary of section results 

The outlet concentrations of higher order silanes as function of reactor temperature during 
monosilane pyrolysis attain a maximum at a certain temperature. The exact temperature of the 
concentration maximum depends on reactor parameters, like monosilane inlet concentration and 
residence time, as well as on the species in question. We observe that cyclic species reach their 
concentration maxima at slightly higher temperatures than non-cyclic species with the same 
number of silicon atoms. At temperatures below the concentration maximum, the concentrations 
of the cyclic species develop faster with temperature than the concentrations of the non-cyclic 
species. 

8.4 Influence of monosilane concentration on monosilane 
pyrolysis 

Monosilane inlet concentration strongly influences monosilane pyrolysis. The two parameters 
monosilane inlet concentration and temperature constitute two dimensions in the multi-
dimensional parameter space spanned by all the parameters influencing monosilane pyrolysis.  

In Paper I we studied the critical nucleation concentration for monosilane as function of 
temperature, i.e. the lowest silane concentration at which nucleation happens, given a certain 
temperature (see section 6.4.1). This was assessed by the presence or absence of detectable 
silicon particles in the exhaust flow from the reactor. Further discussion of our findings 
regarding this topic can be found in section 8.6.1. 

Monosilane pyrolysis proceeds through a reaction network with thousands of chemical 
reactions and includes thousands of intermediate species. Therefore, if it is desired to describe 
the monosilane pyrolysis process, for example in an Arrhenius perspective (see section 5.2 and 
5.3), we need knowledge on intermediate species, rather that only of the final products – the 
solid silicon particles. For that reason, most of our investigations on the effect of monosilane 
inlet concentration and temperature on the pyrolysis process aims to map the outlet concentration 
of higher order silanes – reaction intermediates – as function of the two variables. We are, in 
other words, investigating the surfaces, or landscapes, spanned by temperature and monosilane 
inlet concentration. Knowing the shapes of these landscapes, which we find to be different for 
different isomers, can teach us about how to best control the chemistry that converts monosilane 
into solid silicon. 

8.4.1 Influence of monosilane concentration and temperature on formation of 
higher order silanes 

In Paper II we measure the outlet concentration of higher order silanes as a function of 
temperature at two different monosilane inlet concentrations. As described in section 8.3.1, we 
observe an increase – a maximum – in the concentration of these species in a narrow temperature 
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range. We observe that the maximum shifts to lower temperatures when the monosilane inlet 

concentration is increased. 

Paper VI presents a detailed mapping of the outlet concentration of higher order silanes as 

function of monosilane inlet concentration and temperature. Figure 24 shows surface plots 

visualizing the outlet concentrations of disilane (left pane) and trisilane (right pane) as functions 

of these dimensions. Similar plots, for several higher order silane species are shown in Fig. 4 and 

Fig. 5. of Paper VI. The black lines in the plots indicate the outer border of the parameter 

combination space that we can measure without being hindered by clogging of the reactor or the 

related equipment (see also section 8.6.3). The grey regions indicate conditions at which no 

measurement was made either because clogging was anticipated or because of limitations in 

available laboratory capacity. Further details about the data collection in the figure can be found 

in Paper VI.  

The results presented in Figure 24 indicate that the temperature at which the outlet 

concentrations of disilane and trisilane start to increase depend on monosilane inlet 

concentration: At low inlet concentration, a higher temperature is required before the outlet 

concentrations of di- and trisilane start to increase. 

 

Figure 24: 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. The grey regions indicate conditions at which no measurement was made either because clogging was 

anticipated or because of limitations in available laboratory capacity. 

Explanation to the combined effect of temperature and monosilane concentration 

We assume that the elimination of molecular hydrogen from monosilane (see reaction R 6.1 in 

section 6.3.1, with n = 1 and m = 4)  

 𝑆𝑖𝐻4 ⇌ 𝑆𝑖𝐻2 + 𝐻2  R 8.1 

has one of the highest activation energies among the reactions included in the pyrolysis 

process [33]. This elimination reaction will therefore, under many conditions, limit the rate at 

disilane
Si2H6

trisilane
Si3H8
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which further reaction steps happen. Like most of the reactions involved in the pyrolysis, this 
reaction can proceed backwards as well as forwards. The rate at which monosilane pyrolysis 
proceeds will therefore, under many conditions, be controlled by the equilibrium between the 
forwards and the backwards rate of reaction R 8.1.  

The shift of the elevated concentration to higher temperatures at lower monosilane inlet 
concentrations, as shown in Figure 24, can be explained by the displacement of the equilibrium 
reaction R 8.1. The reaction is endothermic when proceeding from left to right. When 
monosilane is removed from the system, heat must be added (i.e. the temperature must be 
increased) to initiate the first step of the pyrolysis. The promotion of monosilane pyrolysis by 
increased concentration of monosilane and, conversely, its inhibition by high concentrations of 
hydrogen, caused by shifts in the equilibrium of reaction R 8.1, has been discussed by several 
authors [35,37,38] (see also section 6.4.3). A brief discussion of the topic is also included in 
Paper I and Paper II. 

PPredictions on the effect of monosilane concentration and temperature 

The results presented in Figure 24, which are based on investigations in our miniature scale 
FSR Milly (section 7.1.3) are inconclusive regarding the outlet concentrations of the higher order 
silanes in the parameter combination region where extensive nucleation, and consequently 
reactor clogging, happens. As described in section 8.3.1, we expect to see a maximum in the 
outlet concentrations of higher order silanes as function of temperature, and then a decrease in 
these concentrations as the temperature is increased further (see for example Figure 23). The 
decrease in the outlet concentrations at high temperatures is caused by the fact that an increasing 
fraction of the silicon atoms contained in the initially injected monosilane has undergone 
reactions to form larger silicon hydrides (larger than those we can measure) and silicon particles. 

Based on experiments, using the optical exhaust monitor (section 7.4) in combination with our 
lab scale FSR Lilly (7.1.2), we know that the decrease in outlet concentration of higher order 
silanes as function of temperature starts at a temperature slightly higher than the temperature at 
which nucleation starts (see further details in section 8.6.2). We therefore have reason to believe 
that, if we were unhindered by clogging, we would see the outlet concentrations of the higher 
order silanes decrease as function of temperature at temperatures higher than those shown in 
Figure 24. To illustrate this point, Figure 25, displays a drawing of how we, based on 
experiments in different reactors, assume that the landscape of disilane outlet concentration 
would look at temperatures and inlet concentrations higher that those measured. The colored part 
of the landscape is the same data as already presented in Figure 24. The grey-scale part is drawn 
to illustrate our point. 
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Figure 25: Illustration of the dependence of disilane outlet concentration on temperature and monosilane inlet concentration. 
The colored region represents real data. The grey scale region is drawn to illustrate approximately how the outlet disilane 
concentration will develop as function of temperature and monosilane inlet concentration at parameter combinations that we 
have not been able to measure. 

As Figure 25 illustrates, we assume that the landscape of outlet concentration as function of 
temperature and monosilane inlet concentration forms a ridge. With our investigations, we have 
been able to map one side of this ridge. Our data is inconclusive regarding the exact position of 
the highest point of the ridge. 

VVarious species react differently to changes in temperature and monosilane concentration 

Figure 24 indicates that the surface describing outlet concentration as function of temperature 
and monosilane inlet concentration is different for disilane (left pane) than it is for trisilane (right 
pane). For example, we measure the highest outlet concentration of disilane at 460˚C and 100 % 
monosilane inlet concentration, whereas we measure the highest outlet concentration of trisilane 
at 480˚C and 50 % monosilane inlet concentration. Figure 26 displays the same type of surfaces 
describing outlet concentrations as function of temperature and monosilane inlet concentration 
for n-pentasilane (left pane) and cyclopentasilane (right pane). Fig. 5 in Paper VI displays such 
surfaces for several other higher order silane isomers. The subtleties of these surfaces are 
discussed in section 5.1 of the same paper. Here, I mention only the general trend: The cyclic 
silanes reach high outlet concentrations at lower monosilane inlet concentrations and higher 
temperatures than the non-cyclic silanes. This trend can be recognized by comparing the outlet 
concentration of n-pentasilane and cyclopentasilane in Figure 26. We observe the same trend for 
all the cyclic and non-cyclic species, as shown by Fig.5 in Paper VI. The special behavior of the 
cyclic silanes as compared to the non-cyclic ones and reasons for this special behavior are 
discussed in section 5.1 and 5.4 of Paper VI. 
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Figure 26: Maps of outlet concentrations of n-pentasilane (left pane) and cyclo-pentasilane (right pane) as function of 

temperature and monosilane inlet concentration during monosilane pyrolysis. The concentrations are given in arbitrary units. 

Note that the two panes are differently scaled. The grey regions indicate conditions at which no measurement was made either 

because clogging was anticipated or because of limitations in available laboratory capacity. The data visualized in this figure is 

also included in Fig.5 of paper VI. 

Faster growth of cyclic silanes with increased concentration and temperature 

Figure 27 displays the outlet concentration of various higher order silanes as a function of 

monosilane concentration at 450 ˚C (left pane) and 460 ˚C (right pane). The same two plots 

appear as parts of Fig. 2 of Paper VI. 

At 450 ˚C the signals of the higher order species develop at similar rates as function of inlet 

concentration, causing parallel lines in the semi-logarithmic plot. At 460 ˚C most lines are still 

parallel, but the cyclopentasilane (cyclo-Si5H10) and cyclohexasilane (cyclo-Si6H12) signals are 

growing faster with monosilane inlet concentration than the signals of most of the other species. 

We assume that the faster development of the cyclic as compared to the non-cyclic silanes is 

related to the high stability of these species [29,34,45,102], and accordingly, that they play a 

special role in particle nucleation during monosilane pyrolysis, as suggested by several authors 

[29,31,34,45] (see details in section 5.4 of Paper VI). 

At the present we are, however, unable to explain why cyclic and non-cyclic species develop 

in proportion to each other at 450 ˚C (left pane), whereas they develop differently at 460 ˚C 

(right pane) and higher temperatures (see Fig. 2 of Paper VI). We are tempted to speculate that 

these differences could be explained by considering states of partial equilibrium among groups 

of higher order silanes. Such equilibria have been suggested in the literature [29]. In section 8.8, 

I elaborate on the possibilities of using partial equilibrium approximations to predict 

concentrations of higher order silanes. 
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Figure 27: Development in outlet concentration of various higher order silane species (uncalibrated values in arbitrary units, see 
section 7.2.6) as function of monosilane inlet concentration, at reactor temperatures of 450 ˚C (left pane) and 460 ˚C (right 
pane), with hydrogen as diluent gas. The same two plots are shown as parts of Fig. 2 in Paper VI. 

FFormation of octasilanes 

At 460 ˚C (right pane of Figure 27)  we see that the outlet concentration of several octasilanes 
exhibit an inflection point at a monosilane inlet concentration of about 50 %. At monosilane inlet 
concentrations higher than 50 %, the development of the octasilanes with monosilane inlet 
concentration is similar to that of the cyclic penta- and hexasilanes. According to Swihart and 
Girshick [29], the dominant clusters containing eight silicon atoms are three-dimensional 
structures made up by five-membered rings. It is tempting to speculate that the inflection point in 
the octasilane concentration is related to the growth of these cyclic species. When the 
concentrations of the cyclic structures reach a certain level, a new reaction pathway in which 
polycyclic octasilanes are produced might be turned on, causing the concentration of octasilanes 
to develop faster. 

In Fig. 3 of Paper VI, we observe that the octasilanes, like the cyclic penta-, hexa- and 
heptasilanes, are consumed faster than the non-cyclic silanes at the highest temperature. This 
observation lends support to the theory that the concentrations of these octasilanes are related to 
the concentrations of the smaller cyclic silanes. It further indicates that particle formation is a 
sink, not only to the smaller cyclic structures (which we suggest in section 5.4 of Paper VI), but 
probably also to these larger, potentially polycyclic structures. 

8.4.2 Summary of section results 

The maximum in the outlet concentration of higher order silanes as function of temperature 
shifts to lower temperatures when the monosilane inlet concentration is increased. Outlet 
concentrations of higher order silanes as functions of temperature and monosilane inlet 
concentrations can be seen as surfaces or landscapes. We assume that the outlet concentrations of 
each higher order silane isomer form a ridge in this landscape. The shape of these ridges, as well 
as the position of their maxima, depend on the species in question. We find that the concentration 

450 ˚C 460 ˚C
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of cyclic species develops faster than the concentration of non-cyclic species with monosilane 
inlet concentration. Furthermore, for cyclic species we measure the highest outlet concentrations 
at higher temperatures and lower monosilane concentrations than for the non-cyclic species with 
the same number of silicon atoms. It is worth to note that this observation corresponds to and 
extends our observations on the temperature dependence of the outlet concentration of higher 
order silanes as function of temperature summed up in section 8.3.2. 

8.5 Influence of residence time on monosilane pyrolysis 

Residence time is a third dimension which, together with temperature, monosilane inlet 
concentration and other reactor parameters influences the monosilane pyrolysis process. In an 
Arrhenius perspective (see section 5.2), we assume that the exhaust concentration of a given 
species is function of temperature, via the rate at which the species is produced and consumed, 
and also of the of residence time via the integration of these rates into concentrations. 
Decoupling the effects of temperature and residence time is thus challenging.  

8.5.1 Influence of residence time and temperature on the formation of higher order 
silanes 

Paper III presents the results of investigations of the combined effect of residence time and 
temperature on the formation of higher order silanes. These investigations are conducted in Lilly 
(section 7.1.2). Our results indicate that the maximum in the outlet concentration of higher order 
silanes as function of temperature (section 8.3.1) shifts to lower temperatures when the residence 
time is increased. We also find that the maximum in outlet concentration is reduced when the 
residence time is increased. These findings are further discussed in section 3.1 of Paper III. 

Our experiments conducted in our miniature scale FSR Milly (section 7.1.3) have had other 
parameters than residence time as their focus. Nevertheless, we have conducted test experiments 
with varied residence time. The results of these experiments have not been published in any of 
the appended papers. Figure 28 displays the results of some of these investigations. Note that the 
data used for making these figures are sparse: The figures are based on only 9 data points and 
these points have not been verified by repeated measurements. Interpolation between the 
measured values is done in software. As such, the figure is meant to indicate trends rather than 
exact values. The white regions are parameter combinations at which no measurement is 
conducted.  
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Figure 28: Outlet concentrations of disilane (left pane) and trisilane (right pane) as function of reactor temperature and 
residence time at 10 % monosilane inlet concentration. The outlet concentrations are given in volume percent. Note that the data 
plotted in these figures are sparse. The figure is meant to indicate trends rather than exact values. The color bars indicate the 
approximate outlet concentration in percent. 

Even if the data on which Figure 28 is based is sparse, the figure serves to illustrate three 
important points.  

 The dependence of the disilane and trisilane concentrations on the two dimensions is 
complex. As both temperature and residence time influence the concentrations of gas 
intermediates, the measured outlet concentrations at a fixed temperature will increase 
with residence time in some temperature regions and decrease with residence time in 
other temperature regions. 

 The two-dimensional concentration landscapes are different for different silane 
species. For disilane (left pane) we measure the highest outlet concentration at a short 
residence time and a high temperature. For trisilane (right pane) we measure the 
highest outlet concentration at an intermediate residence time and an intermediate 
temperature. Note that these are the highest concentrations that we have measured. 
Higher concentrations might appear at parameter combinations that we have not 
tested.  

 The results of experiments conducted in Milly (presented in Figure 28), qualitatively 
agree with results of experiments conducted in Lilly (presented in Fig. 3 and Fig. 4 of 
Paper III). In both of these experiments we observe that the outlet concentration of 
disilane decrease with residence time at high temperatures and increase with residence 
time at lower temperatures. The qualitative agreement between data obtained from the 
two reactors strengthens our results published in Paper III. 
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8.5.2 Summary of section results 

The maximum in the outlet concentration of higher order silanes as function of temperature 
shifts to lower temperatures when the residence time is increased. Within the range of residence 
times that we have investigated, the maximum outlet concentration of higher order silanes 
decreases with increasing residence time. However, as both temperature and residence time 
influence the concentration of gas intermediates, the measured outlet concentrations at a fixed 
temperature will increase with increasing residence time in some temperature regions and 
decrease with residence time in other temperature regions.  
 

8.6 Particle formation and reactor clogging 

The focus of my work has been to understand the chemistry that happens in a monosilane 
pyrolysis reactor prior to particle formation, rather than to characterize or analyze the particles 
themselves. Particle formation and reactor clogging, which often happen as a consequence of 
particle formation, has in most of our experiments been an unwanted side effect rather than the 
main result (see for example Fig. 2 in Paper VI). In other experiments, we have deliberately 
monitored particle formation, attempting to map the parameter combinations at which it happens 
(see Fig. 3 in Paper I). Within this section, I sum up our findings on particle formation and 
reactor clogging. Since particle formation and – even more – reactor clogging depends on the 
reactor in question, the findings in this section are organized according to the reactors in which 
they were observed.  

Types of higher order silanes species which we suggest to promote, or conversely not to 
promote, particle formation are discussed in Paper VI. 

8.6.1 Particle formation in Max  

In Paper I we present an investigation of the critical nucleation concentration for monosilane 
as function of temperature, i.e. the lowest silane concentration at which nucleation happens, 
given a certain temperature (see section 6.4.1). The experiments in this study are conducted in 
our largest FSR, Max (section 7.1.1), using the optical exhaust monitor (section 7.4) to see 
whether or not particles are present in the exhaust.  

For most of the temperature range we investigate, we observe a linear relation between 
inverse temperature and corresponding critical nucleation concentration plotted semi-
logarithmically, corresponding well to observations reported in the literature [37,38,67,68]. As 
explained in more detail in Paper I, our data also shows a deviation from the behavior described 
in literature. The deviation is represented by a weaker temperature dependence of the critical 
nucleation concentration in the temperature region between 500 and 600 ˚C (see Fig. 3b of 
Paper I). 

From other experiments we know that there is buildup of gas-phase intermediates in a narrow 
temperature range during monosilane pyrolysis (see section 8.3.1). The exact temperature at the 
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concentration maximum depends, as shown in section 8.3 through 8.5 on several variables. In 
many of our investigations, however, we observe the maximum outlet concentration between 500 
and 600 ˚C, i.e. around the same temperature as the weaker temperature dependence of our 
critical nucleation concentration data is found. It is therefore tempting to suggest, as we do in 
Paper I, that the weak temperature dependence in this temperature region is related to the buildup 
of reaction intermediates.  

On the other hand, our investigation of monosilane pyrolysis in different reactors (section 8.3 
through 8.5), indicates that a buildup of intermediate species on a certain temperature happens in 
different pyrolysis reactors, independent of flow pattern and reactor size. If the weaker 
temperature dependence in the critical nucleation concentration data that we observe in a certain 
temperature region is related to the buildup of intermediate species, it is therefore likely that the 
same effect should come into play in the results presented by other authors for the same 
temperature region. As such, we cannot yet fully explain the deviation of our data on critical 
nucleation concentrations from that reported by others (Fig. 3b of Paper I) [37,38,67,68].  

One first approach to shed new light on the topic would be to repeat the experiment presented 
in Paper I, which is conducted in Max in one of the smaller FSRs (Lilly or Milly) which offer 
better possibilities for controlling the reactor temperature. This is, however, outside the scope of 
the present work. 

8.6.2 Particle formation in Lilly 

The optical exhaust monitor was used also in combination with Lilly (section 7.1.2) to 
investigate particle formation in this reactor. For the experiments on residence time presented in 
Paper III, the exhaust monitor was connected to the reactor and used to monitor the exhaust 
during the experimentation. Data from the exhaust monitoring are omitted from the paper, partly 
because of their lack of accuracy and partly to limit the length and scope of the paper. 

Figure 29 displays the results of these experiments, including the results of the exhaust 
monitoring. The data are previously shown in Fig. 3 of Paper III with less precise assignments of 
the GC-MS signals (see section 8.3.1). The left pane displays outlet concentrations of higher 
order silanes as function of temperature at a residence time between 0.6 and 1.2 s whereas the 
right pane shows the same for a residence time between 2.5 and 6.3 s (see further details in Paper 
III). Both data series are obtained at 10 % monosilane inlet concentration. 

The grey regions in both plots indicate parameters at which we observed particles in the 
exhaust. The blurred edge of the grey region is to indicate that there is a gradual transition from 
particle free exhaust to exhaust which clearly contains particles. Determining the exact 
temperature where nucleation starts is therefore challenging.  
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Figure 29: Outlet concentration (in arbitrary units) of silanes as function of temperature during pyrolysis of 10% monosilane 
diluted in hydrogen. The grey regions indicate parameter combinations where nucleation is observed. Left pane: residence time 
<0.6 s , 1.8 s>. Right pane: residence time <2.5 s , 6.3 s>. See details about the residence time in Table 1 of Paper III. 

Figure 29 indicates that the temperature at which nucleation starts is between 500 and 510˚C 
both at the shorter and the longer residence time (left and right pane). The temperature at which 
nucleation sets in is, in other words, only slightly affected by change in residence time. Figure 29 
further indicates that the concentration of the higher order silane species that we measure start 
increasing at temperatures lower than the nucleation onset. The maximum in the concentration of 
these species appears at a temperature which is slightly higher than the temperature of the 
nucleation onset.  

8.6.3 Particle formation and clogging in Milly 

Our miniature scale FSR Milly (section 7.1.3) is, unlike the two other reactors, not connected 
to the exhaust monitor. The reactor infrastructure connected to Milly clogs more easily than the 
infrastructure connected to the larger FSRs Lilly and Max. Clogging of the reactor and the 
related infrastructure does therefore, to some extent, indicate which parameter combinations 
cause extensive particle production and which do not. We observe the clogging as an abrupt 
increase in the reactor pressure, without any change in the set-pressure or the set-value of the 
inlet gas flow initiated by the operator. 

Fig. 2 of Paper VI gives a good overview of combinations of temperature and inlet 
concentration causing clogging in Milly and the related infrastructure. As seen by the figure, 
there is a general trend that clogging appears at lower silane inlet concentration when the reactor 
temperature is increased. Even if the parameter range is different, this trend corresponds well to 
the general trend regarding the critical nucleation concentration in Max reported in Paper I (see 
section 8.6.1).  

After each measurement series in Milly, i.e. a series of injections with increased temperature 
or monosilane inlet concentration until the system clogs or an inlet concentration of 100 % 
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monosilane is reached, we open the reactor in both ends and remove particles by blowing 
through the reactor by pressurized nitrogen (see section 7.1.4). At high temperatures (500 ˚C and 
higher) we observe large amounts of particles in the reactor and we assume that the clogging 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 Figure 13) 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 (see Figure 
22). These silanes can therefore easily condense at cold surfaces and cause or contribute to 
clogging of our system. Because of limited temperature tolerance of the pressure regulator 
connected to Milly’s exhaust (see Figure 13), there are limitations to how much we can heat the 
system. 

8.6.4 Summary of section results 

As a general trend, particles form at lower temperature when the monosilane inlet 
concentration is increased. The maximum in the outlet concentration of higher order silanes as 
function of temperature appear at temperature which is slightly higher than the temperature of 
the nucleation onset. Clogging of reactors and related infrastructure can be caused by particles 
and probably also by higher order silanes with high boiling points condensing at cold surfaces in 
our infrastructure. 

8.7 Implications for design of production processes  

The operation of an FBR (see sections 4.3.2 and 6.4.5) is for several reasons different from 
the operation of an FSR. The fluidization gas in an FBR causes fast mixing and large movements 
of gas within the reactor, and the seed particles provide surfaces onto which gas species can 
deposit. These effects are not present in the FSRs used for our investigations. Nevertheless, the 
results presented in this thesis are related to several of the processes taking place in an FBR. 
Figure 8 in section 6.4.5 illustrates a highly cited phenomenological model for particle growth in 
an FBR, presented by Hsu et al [62]. I relate the following discussion to the processes presented 
in this model. 

First and foremost, our results are related to homogenous pyrolysis of monosilane (process 2 
in Figure 8) and give an indication as to how this type of decomposition can be suppressed. 
Based on the results presented within this work, we believe that cyclic silanes play an important 
role in the particle formation process during monosilane pyrolysis (see section 5.4 in Paper VI 
and refs. [29,34,45,103]). We therefore suggest that parameter combinations that particularly 
promote the formation of such species are avoided. We measure the highest concentrations of 
cyclic species at higher temperature and lower inlet concentration than the highest concentration 
of non-cyclic species (see section 8.4.1. and Paper VI). Therefore, we suggest choosing low 
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temperatures combined with high monosilane concentration to avoid particle formation by 
homogeneous pyrolysis. 

For successful operation of an FBR it is necessary both to suppress homogeneous pyrolysis 
(process 2 in Figure 8) and to promote heterogeneous pyrolysis (process 1 in Figure 8). Within 
this work, we have not specifically explored the effects of reactor parameters (temperature, 
monosilane concentration and residence time) on heterogeneous pyrolysis. As such, we cannot 
predict how our suggestions to suppress homogeneous pyrolysis will affect the rate of 
heterogeneous pyrolysis. For the reasons discussed below, however, we assume that 
heterogeneous growth of silicon seeds is promoted by the presence of silanes with more than one 
silicon atom.  

It has been shown that the reactive sticking coefficient on a clean silicon surface (i.e. the 
probability that a molecule reacts with this surface upon collision) is dramatically higher for di- 
and trisilane than for monosilane [104,105]. Because of the large difference in sticking 
probability, it has been suggested that the larger silanes, i.e. disilane and trisilane, account for a 
considerable fraction of silicon deposited during CVD processes [105]. 

The sticking coefficients of silanes with more than three silicon atoms are, to the best of our 
knowledge, not reported in the literature [49]. Gates [104] argues, however, that the reactivity of 
a silicon species with a surface will increase with the number Si-Si bonds contained in the 
species, the molecular polarizability and the likelihood of molecule to surface electron donation. 
All these parameters will increase with increasing number of silicon atoms in a molecule [104]. 
Therefore, it seems reasonable to assume that silanes with more than three silicon atoms have 
even higher sticking coefficients than trisilane and, accordingly, that these species also will 
contribute to heterogeneous growth of silicon particles. As such, we speculate that the reactor 
conditions we suggested above (high monosilane inlet concentration and low temperature) which 
cause relatively high concentrations of non-cyclic higher order silanes, but low concentrations of 
cyclic silanes are favorable both to promote heterogeneous decomposition and to suppress 
homogeneous decomposition. 

Scavenging (process 5 in Figure 8) denotes the process in which coccal silicon (fines) is 
captured by silicon beads (see also section 6.4.5) [62,65]. It has been proposed that intermediate 
gaseous species can contribute to increase the probability of fines to bond upon impact with 
silicon particles [10]. Also, based on the observed structure of FBR grown silicon, with 
concentric layers of porous and dense silicon [64,106,107], it has been suggested that CVD 
grown layers on top of scavenged fines will help bonding the fines to the growing silicon bead 
[64]. Considering that higher order silanes most probably have a higher sticking probability on 
silicon surfaces than monosilane has, it is reasonable to assume that the presence of such gaseous 
intermediates can enhance the scavenging rate during FBR operation. 

Accordingly, we speculate that reactor parameters causing high concentrations of non-cyclic 
higher order silanes, but low concentrations of cyclic silanes (as suggested above) will also 
simultaneously contribute positively to scavenging of fines. 
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8.8 Towards a better understanding of monosilane pyrolysis 

The results presented in this thesis and in the appended papers hold a much larger degree of 
detail with regards to formation of gaseous monosilane pyrolysis products than any earlier 
presented experimental results that we are aware of. As such, our results offer possibilities for 
validation of numerical models related to monosilane pyrolysis. In this section, I aim to describe 
a potentially fruitful pathway for such modeling. I particularly expand on the concept of partial 
equilibrium and discuss how this concept can be applied to monosilane pyrolysis.  

Several authors apply kinetic modelling to understand how monosilane is converted into solid 
silicon (e.g. [31,42,108,109] and others). The reaction network involved in monosilane pyrolysis 
consists of a large number of species and chemical reactions. Pure kinetic modelling of the 
process is therefore inherently complicated, and one soon runs into computational 
limitations [45]. Application of partial equilibrium approximations, which I explain in more 
detail below, might allow us to advance the understanding of the process using less 
computational resources. In the literature, we find examples of works using the concept of partial 
equilibrium to explain how monosilane is converted into solid silicon [29,34,55,56]. Specifically, 
Swihart and Girshick [29] have performed such calculations and compared the results to results 
of kinetic modelling.  

Thermodynamic and kinetic modelling are outside of the scope of this work. Nevertheless, 
based on features in our results (see section 8.4.1 and section 5.3 of Paper VI), we speculate that 
partial equilibrium approximations could be a fruitful way to further understanding of the early 
stages of monosilane pyrolysis. 

8.8.1 Application of partial equilibrium approximations to monosilane pyrolysis 

The term equilibrium or chemical equilibrium is used to denote a situation in which the Gibbs 
free energy of a reacting system is at its minimum. The concentrations of the reactants and 
products will then have no further tendency to change with time [110]. For monosilane pyrolysis 
in hydrogen, the overall chemical equilibrium would be nearly complete conversion to solid, 
crystalline silicon and gaseous hydrogen [29]. 

A reacting system in which some but not all of the reactions are in equilibrium, is referred to 
as a system in partial equilibrium [111–113]. In a system in partial equilibrium, the 
concentration of the species can continue to evolve. The evolution of the species will, however, 
be governed by the reactions that are not in equilibrium, i.e. by the reactions that we assume to 
proceed kinetically [111]. Generally speaking, one can assume that faster reactions are at 
equilibrium, whereas slower reactions proceed kinetically [112]. 

Relating partial equilibrium approximations to monosilane pyrolysis implies that we assume 
the existence of one (or more) particularly slow reaction somewhere in the reaction network. 
This reaction constitutes a kinetic bottleneck which hinders the system from reaching its overall 
equilibrium state [29]. Rather, a partial equilibrium between the species prior to the bottleneck 
reaction can arise. According to Swihart and Girshick [29] such bottlenecks exist at different 
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stages in the reaction network, such that, depending on conditions, partial equilibria between 
different groups of silanes can be established.  

For a partial equilibrium state to arise we must further assume that some reaction groups prior 
to the kinetic bottleneck proceed so fast that their reactants and products are approximately in 
equilibrium. We assume that the specific groups of reactions which can and cannot be 
approximated to be in equilibrium will depend on reaction conditions including temperature, 
monosilane inlet concentration and residence time.  

A first assumption would be that the group of 1,2-hydride shifts (see section 6.3.3), which 
have very low activation energies compared to other reactions in the network [46], proceed fast 
compared to all other reactions [45] and cause a state of partial equilibrium between silenes and 
silylenes. Second, we would assume that ring opening and closing reactions (see section 6.3.2) 
proceed fast. Most of these reactions also have relatively low activation energies compared to 
other reactions in the network [60]. Further, as these reactions are unimolecular, their rates do 
not depend on the probability of two molecules to meet. As such, these reactions can cause fast 
interconversion (isomerization), and possibly a state of partial equilibrium between higher order 
silanes with equal number of silicon atoms.  

Silylene addition and elimination reactions also have relatively low activation energies [51], 
compared to other reactions in the network. Depending on reaction conditions, we my therefore 
assume that a state of partial equilibrium between higher order silanes with different number of 
silicon atoms can arise.  

Conversely, the elimination of hydrogen from monosilane has a high activation energy and 
will therefore under most conditions procced at a low rate compared to other reactions in the 
network [33] (see also section 8.4.1). As such, it is natural to assume that this reaction is not in 
equilibrium, but rather proceeds kinetically. 

8.8.2 Possible interpretation of our results in a partial equilibrium perspective 

Our results in sections 8.3 through 8.5 show that the concentrations of higher order silanes 
first increase and thereafter decrease as a function of temperature.  

The increase in the concentration of intermediate gas species can be seen as the result of a 
kinetic bottleneck hindering intermediate species to develop further through the reaction network 
towards silicon particles. The elimination of hydrogen from monosilane has a high activation 
energy and will often be a limiting reaction in the network (see also section 8.4.1). However, 
when this elimination reaction proceeds faster than the assumed subsequent bottleneck reaction, 
the concentration of the intermediate species must increase. If the reactions among these 
intermediate species are fast enough, they may reach a state of partial equilibrium. 

The flattening and subsequent decrease in the outlet concentrations of higher order silanes as 
function of temperature are related to the formation of larger silicon hydrides and particles in the 
reactor. As shown in Figure 29, the lowest temperature at which we observe particles is very 
close to the temperature where the concentrations of higher order silanes start to level out. We 
assume that presence of particles introduces new kinetic pathways, including surface reactions. 
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These new pathways may eliminate the above mentioned bottleneck. Accordingly, the possible 
state of partial equilibrium among species prior to the bottleneck will be eliminated.  

Based on the above considerations, we speculate that partial equilibrium approximations 
could reasonably explain our results at parameter combinations where we do not observe 
particles. Conversely, when particles are present, we find it less likely that such calculations will 
be applicable. The definition of a particle is, in a monosilane pyrolysis perspective, far from 
clear (se section 6.5.1). As such, our suggestion regarding the applicability of partial equilibrium 
approximations is inaccurate. Still, it provides a guideline as to where one might start applying 
such calculations. 

 We are not yet at a stage where we can conclude whether or not a partial equilibrium 
approximation is valid among the groups of silanes we observe in our experiments. Firstly, that 
would require the ability to perform absolute calibration of our GC-MS signals also for silanes 
with more than three silicon atoms (see section 7.2.6 and section 9.2). Further, for a proper 
investigation of the topic, we would need to assess in more detail whether the allocation between 
different silane isomers can change in the transfer line between the reactor and the GC-MS (see 
sections 7.1.3 and 7.2.2). 

Secondly, such a conclusion would require knowledge of the Gibbs free energies for all the 
silane isomers which we assume to be in partial equilibrium with each other. Such values are, in 
part, available in the literature [29,51,60,114]. Further calculations based on these values are, 
however, out of scope for this work.  

8.8.3 Summary of section results 

Partial equilibrium approximations can offer a possible way to advance the understanding of 
monosilane pyrolysis. Loosely speaking, using partial equilibrium approximations would imply 
the assumption that some reactions are in equilibrium whereas others proceed kinetically. Those 
that proceed kinetically can be seen as bottlenecks to the reaction. 

At present, we cannot assess whether partial equilibrium calculations could be used to explain 
our experimental results. It seems reasonable, however, that such calculations would apply well 
in the parameter regions where no particles are observed.
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9.  CONCLUSIONS AND FURTHER WORK  

9.1 Conclusions 

Within this work, a GC-MS measurement technique for detecting and identifying silanes has 
been developed. This new GC-MS setup allows for absolute quantification of mono-, di- and 
trisilane, as well as relative quantification of higher order silanes with up to nine silicon atoms. 
Aided by the GC-MS setup we have identified and published six mass spectra of higher order 
silanes which until now have been lacking in the scientific literature. The unique ability to detect 
and identify higher order silanes provides us with an excellent platform to explore the formation 
of various higher order silane species during monosilane pyrolysis.  

We apply the new measurement technique to our investigations of monosilane pyrolysis as a 
function of temperature, monosilane inlet concentration and residence time. Many externally 
controlled parameters influence the formation rates of higher order silane species during 
monosilane pyrolysis. In addition to the three parameters which are explored in this work, other 
important parameters include reactor geometry, flow rates, choice of diluent gas and the presence 
of silicon particles. Together, these parameters span a multi-dimensional parameter space. The 
three parameters that we explore can be seen as separate dimensions in this multi-dimensional 
space. The influence of these parameters on the production of higher order silanes is interlinked. 

We find that the outlet concentrations of higher order silanes as function of reactor 
temperature during monosilane pyrolysis attain a maximum at a certain temperature. The 
maximum in outlet concentration shifts to lower temperatures when the monosilane inlet 
concentration or the residence time is increased. We measure these shifts for silanes with up to 
nine silicon atoms.

We show that the surfaces describing outlet concentration of silane species as function of two 
variables (e.g. temperature and monosilane inlet concentrations) attain different shapes for 
different silane isomers. Specifically, we find that the outlet concentration of cyclic silanes, in 
most of the parameter range we have explored, increases faster with temperature and monosilane 
inlet concentrations than the outlet concentrations of their non-cyclic counterparts. Our findings 
regarding the different behavior of the cyclic compared to the non-cyclic silanes 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 [29,31,34,45]. 

The important role of the cyclic silanes for the formation of particles, implies that to limit 
particle formation during monosilane pyrolysis one should avoid parameter combinations at 
which cyclic silanes are produced in large quantities. Our results indicate that the cyclic silanes 
reach their highest concentrations at higher temperatures and lower monosilane inlet 
concentrations than the non-cyclic silanes. We do therefore suggest that low temperatures 
combined with high monosilane inlet concentration is favorable for avoiding particle formation 
during monosilane pyrolysis. 
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9.2 Suggestions for further work 

FFurther experimentation in Milly 

The miniature FSR Milly, built as a part of this work, opens the door to further investigation 
of monosilane pyrolysis as function of various variables in an efficient manner. To build further 
upon findings reported in this thesis, it would especially be of interest to expand our parameter 
space to lower temperatures (< 450˚C) and high monosilane concentrations, and also to higher 
temperatures (> 500˚C) at low monosilane concentrations. Exploring the effect of residence time 
in more detail than we have done within this work will also provide new insight to monosilane 
pyrolysis. Milly can also be used for experimentation with co-pyrolysis between silicon and other 
elements. PhD candidate Anjitha S.G. at IFE has already taken Milly in use for such 
experiments. 

Improving reactor infrastructure 

The temperature profile in the length direction of Milly (see Figure 14) is good, but still not 
ideal. An even more stable temperature profile could probably have been attained by a 
construction in which the reactor was immersed in an oil or sand bath. A copper jacket might 
also be used to ensure faster heat conduction in the longitudinal direction and, accordingly, a 
more stable temperature profile. 

An exhaust monitor compatible with Milly would give improved insight into the parameters at 
which nucleation occurs. With such a monitor we would, among others, be able to repeat the 
experiments on critical nucleation concentration, reported in Paper I, with better even 
temperature control.  

Calibration of GC-MS signals 

As of now, we have calibration standards only for mono-, di- and trisilane (see section 7.2.6).  
Having access to calibration standards with known concentrations of e.g. one tetrasilane isomer, 
one pentasilane isomer and one hexasilane isomer would give an interesting starting point for an 
estimation of concentrations also of even higher order silanes. Such calibration standards would, 
in combination with our mono-, di- and trisilane standards, allow for an assessment of the 
dependence on MS sensitivity on the number of silicon atoms contained in a species. Based on 
electron capture cross sections for hydrocarbon isomers [115], we assume that species with the 
same number of silicon atoms have very similar electron capture cross sections and therefore 
similar MS response factors. We would thus be able to estimate concentrations of all isomers.  
Being able to measure or estimate absolute outlet concentrations also of the larger silanes would 
further improve our ability to analyze the pyrolysis process quantitatively and to compare 
modelled and experimental results. 

Even if calibration standards for some of the higher order silanes exist, an important limitation 
is the fact that they are expensive and complicated to ship because of their flammability. 
Introducing these samples to the GC-MS is also not straight-forward. Because these species are 
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liquid at room temperature and atmospheric pressure (see section 8.1.1), they require a different 
injection system than we use for the other calibration gasses today.  

IImproved data analysis 

Pyrovizer is a useful tool for extracting relevant information from the GC-MS data and 
visualizing it. It also offers the possibility to implement more refined data analysis. For example, 
one could imagine using Pyrovizer to produce pseudo-Arrhenius plots (see section 5.3) of some 
of the reactions included in the pyrolysis process. In the reaction network through which we 
assume monosilane pyrolysis to proceed (see section 6.3), it is most likely that a species with n 
silicon atoms is made from a species with n-1 silicon atoms. Thus, a Pseudo-Arrhenius plot 
would be a plot in which the output signal of each species with n silicon atoms is normalized to 
the output signal of the species with n-1 silicon atoms. Studying such plots can give information 
about the activation energies of the reactions from which the plotted species are produced. 

Modeling  

The focus of my PhD project has been developing and utilizing experimental measurement 
techniques. The experimental results obtained through this work could, however, work as 
stepping stones for validating numerical models. As I elaborate in section 6.5, models describing 
monosilane pyrolysis have hitherto lacked data for validation of almost any process step between 
the disappearance of monosilane (and the appearance of small silicon clusters with up to three or 
four silicon atoms) and the formation of particles with thousands of silicon atoms.  

As the experimental setup developed through this work offers the possibility for more detailed 
model validation, it would be of interest to conduct studies in which modelled and experimental 
data were directly compared. Both kinetic and thermodynamic modelling (which I elaborate on 
in section 8.8), possibly combined with CFD modelling would be of interest. One approach 
would be to develop such modelling techniques in-house. Another approach is to join forces with 
other research groups that already have competence on modelling of monosilane pyrolysis.  

Analysis of particles  

The investigations in this work have primarily focused on the chemistry that happens before 
nucleation takes place. It would certainly be of interest to study the impact of the particles on the 
pyrolysis process in more detail. The presence of particles alters the flow pattern within the 
reactor and introduces surface reactions that probably open new chemical pathways for 
pyrolysis. 

Studying the particles which we have produced in more detail, for example by scanning 
electron microscopy (SEM), would certainly be of interest. That way we could investigate the 
particles’ size and morphology, including surface characteristics and degree of agglomeration. 
By X-ray diffraction (XRD) analyses we would be able to determine the crystallinity of the 
particles. Coupling these characteristics (size, morphology, crystallinity etc.) to the development 
in the concentration of specific silane isomers, would probably be interesting both to solar grade 
silicon producers and producers of anode material for lithium ion batteries.
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ERRATUM 
At page 298 of Paper II, it is stated that “we observe a significant increase in the 

concentration of higher order silanes in the exhaust between 550 and 550 °C”. The correct 
temperature interval is between 500 and 550 °C. 
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Abstract

Today’s most frequently used production path for polysilicon and solar grade silicon (SG-Si) is based on thermal decomposition 
of trichlorosilane (SiHCl3) in a Siemens-type reactor. Due to the batch-wise mode of its operation and its requirement for heating 
and cooling, the Siemens technology is an energy demanding procedure. As an alternative to this process, SG-Si can be produced 
through the thermal decomposition of monosilane (SiH4), for example in a fluidized bed reactor or a centrifugal chemical vapour 
deposition reactor. In order to avoid production of fine particulates and related clogging, this process requires knowledge of the
nucleation properties of silane. In this work, the critical concentration for particle nucleation from SiH4, diluted in H2 has been 
determined for temperatures in the range 400 - 700 ºC. For this purpose, we used a free space reactor and an optical particle 
detector of own design for in-situ monitoring of the reactor exhaust. In a plot of logarithmic critical nucleation concentration
against inverse temperature, an almost linear relation was found for temperatures below approximately 500 ºC and above 
approximately 600 ºC. Between 500 and 600 ºC, a less temperature dependent behavior is observed. Apparent activation energies 
are estimated to be 32 kcal/mol for temperatures below 500 ºC, 8 kcal/mol for temperatures between 500 and 600 ºC and 
23 kcal/mol for temperatures above 600 ºC. The first and last of these values agree well with existing literature. The low 
temperature dependence in the range 500 ºC to 600 ºC, however represents a deviation from earlier studies. Investigations of 
reactor exhaust by GC-MS (gas chromatography - mass spectrometry), allowing detection of the concentrations of higher order 
silanes (disilane (Si2H6), trisilane (Si3H8), etc) as function of reactor temperature, suggest that the low temperature dependence of 
the nucleation concentration for some conditions is related to an increase of the concentration of Si2H6 and Si3H8 at the same 
temperature range. 
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1. Introduction 

Up to 40 % of the energy needed for the production of a solar panel based on multicrystalline silicon cells is 
consumed during the preparation and purification of the silicon feedstock [1]. Therefore, finding ways of reducing 
the energy consumption in these processes can greatly contribute to the minimization of the cost for solar panels, as 
well as reducing their carbon footprint and energy payback time. Production of silicon from SiH4 through the use of 
a Fluidized Bed Reactor (FBR) or a Centrifugal Chemical Vapor Deposition Reactor (CCVDR) is a less energy 
consuming alternative to the traditional production path based on Siemens technology (e.g.[2], [3]). In these reactors, 
SiH4 gas decomposes thermally to form solid silicon. For the production of Solar Grade silicon (SG-Si), 
heterogeneous decomposition (deposition of solid silicon on an existing silicon surface) is desired. Homogeneous 
decomposition (formation of free standing particles from the gas phase), on the other hand, may cause challenges 
related to reactor clogging in addition to dramatically reduced production yield.  

As a result of the industrial importance for the semiconductor industry, as well as the solar cell industry in later 
years, several studies of thermal decomposition and nucleation of SiH4 have been conducted. In 1971, Eversteijn [4] 
observed gas-phase decomposition of SiH4 diluted in hydrogen (H2) in a horizontal epitaxial reactor at atmospheric 
pressure. The author suggested that the decomposition takes place if and only if the SiH4 concentration this layer 
exceeds a critical value, which was found to be highly temperature dependent. Values for the critical concentration 
for silicon particle nucleation from monosilane (SiH4) diluted in H2 in the temperature range 780-1136 ºC were 
determined. When the critical SiH4 concentration was plotted logarithmically against inverse temperature, a linear 
relationship was found (see Fig. 3.(b)). From this relationship, a value of 38 kcal/mol for the activation energy of the 
gas-phase decomposition of SiH4 in H2 was estimated. 

In 1988 Qian et al. [5] conducted a similar study, in which the critical nucleation concentration for SiH4 in a low 
pressure chemical vapor deposition (CVD) reactor was investigated. These authors kept the concentration fixed 
(100% undiluted SiH4) and for each temperature varied the pressure gradually, until nucleation was observed. This 
procedure differs from that of Eversteijn, in which the pressure was kept constant and the concentration of SiH4 was
increased gradually. Qian et al. investigated temperatures in the range 700-750 ºC. The corresponding critical SiH4
pressures were found in the range 1.5-1.87 mbar. Based on their experiments Qian et al. found a linear relationship 
between the logarithm of the critical nucleation pressure, and the inverse temperature. The activation energy of the 
decomposition reaction was estimated to be approximately 8 kcal/mol.  

Six years later, Slootman and Parent [6] extended the knowledge on homogeneous gas-phase nucleation of SiH4
by finding the critical nucleation concentration for SiH4 diluted in various gases (argon, helium, nitrogen and 
hydrogen) at temperatures between 550 and 720 ºC. For all gases they found that the logarithm of the critical 
nucleation concentration was proportional to the inverse of the corresponding temperature (see Fig. 3.(b)). For the H2
diluted SiH4, they estimated the activation energy to be 26 kcal/mol. A large difference was found between the 
critical nucleation concentration for SiH4 diluted in H2 and SiH4 diluted in inert gasses. They explained the 
difference in nucleation onset by displacement of the equilibrium reaction 

, (1)

which is assumed to be the first step of the thermal decomposition of SiH4. In this reaction, the third body M can be 
the carrier gas, the reactor wall or even SiH4 itself [6]. This third species brings excess energy into the system, 
causing the reaction to take place. M itself, however, does not change during the reaction; M and M’ differ only in 
energy content, not identity. A high H2 concentration will alter the equilibrium of reaction (1) by favoring its 
backwards rate relative to the forwards reaction rate. The concentration of SiH2 will decrease accordingly. Since a 
high concentration of SiH2 leads to faster nucleation speed, because it promotes the formation of Si-Si bonds, 
reducing the SiH2 concentration will cause a retardation of the nucleation process. The argumentation of H2 retarding 
the nucleation process was used also by Qian et al. [5] in order to explain the difference between their results, 
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observed in undiluted SiH4 and Eversteijn’s results [4] observed for H2 diluted SiH4. Slootman and Parent [6] further 
summarized and compared different available studies on SiH4 decomposition. In their comparison, they include 
studies both at atmospheric pressure and at lower pressures. The nucleation data is, however, compared according to 
the observed critical concentration of SiH4, not according to its pressure.  

In 2003 Nijhawan et al. [7] investigated thermal decomposition of SiH4 at low pressures (~ 0.13 mbar) in a 
parallel-plate showerhead-type reactor with undiluted SiH4. Their results are similar to those obtained by Qian et al. 
[5] at similar pressures, and give an estimated activation energy of 12.6 kcal/mol. Nijahawan et al. further compared 
the nucleation data from so far presented studies, similarly to what Slootman and Parent did some years earlier. 
However, they present the nucleation data in terms of critical SiH4 partial pressure, rather than in terms of a critical 
concentration. This approach seems to give somewhat better agreement between the studies than the comparison of 
Slootman and Parent [6] which is based on SiH4 concentration only. None of the above mentioned studies seem to 
take the influence of both pressure and concentration into account separately.  

1.1. Kinetic considerations 

Table 1 summarizes the values that various authors have estimated for the activation energy of the SiH4
decomposition reaction. The details about the results from the current study will be given later in this article. 

Table 1. Key parameters from earlier conducted studies on nucleation of SiH4 in H2.

Author, Year  Estimated apparent activation 
energy (kcal/mol)

Temperature range  Pressure  

Eversteijn [4] 38 780 - 1136 ºC Atm. pressure 

Murthy et al.  [8] 24 900 - 1100 ºC Atm. pressure 

Qian et al. [5] 8 700 - 750 ºC 1.5-1.87 mbar 

Slootman and Parent [6] 26 550 - 720 ºC Atm. pressure 

Nijhavan et al.  [7] 12.6 635 - 850 ºC ~ 0.13 mBar 

This study 32 400 - 500 ºC   Atm. pressure 

This study 8 500 - 600 ºC Atm. pressure 

This study 23 600 - 700 ºC Atm. pressure 

It should be noted that the values shown in Table 1 probably should be regarded as apparent activation energies 
rather than as true activation energies. Whereas a true activation energy can be found only for an elementary reaction 
(i.e. an individual step in a reaction mechanism), these values are estimated based on “the nucleation reaction” which 
includes a large number of elementary reactions. The apparent activation energy will then give an indication of the 
activation energy of the elementary reaction which is limiting for the overall reaction at the present reaction 
conditions. If the reaction (1) always is the rate limiting step in the overall nucleation reaction, the apparent 
activation energy of the nucleation reaction might be a good estimation for the activation energy of this reaction.  

The reaction rate r of an elementary reaction can be described as  

(2) 

where k is the rate constant of the elementary reaction, and [B]b and [C]c are the concentration of the reactants, raised 
to the power of the stoichiometric coefficient of the species in the elementary reaction. The rate constant k is given 
by Arrhenius equation:  

(3) 

with Ea being the activation energy of the reaction, T the absolute temperature, R the ideal gas constant and A a pre-
exponential factor related to the frequency of molecule collision. By taking the natural logarithm of equation (3), it is 
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easily seen that the activation energy Ea can be found from the slope of an Arrhenius plot (a plot of the natural 
logarithm of k against inverse temperature) multiplied by –R.  

If it is desired to relate the activation energy of a reaction to the concentration of one of the reacting species (as 
was done for the reaction under consideration e.g. by Eversteijn [4],  Murthy et al. [8] , Slootman and Parent [6] and 
also in this work) equation (3) must be substituted into equation (2), yielding: 

(4) 

As soon as this substitution is introduced, the value Ea in the resulting equation will not be a general value for the 
activation energy of a reaction anymore; it will depend on the chosen reaction through which the concentrations [B] 
and [C] and the corresponding coefficients b and c are defined. The value obtained for Ea will then be the apparent 
activation energy for the reaction under consideration. This apparent activation energy can be found experimentally 
by solving equation (4) for the logarithm of the concentration of species B, which yields  

(5) 

and plotting this logarithm against inverse temperature. The resulting plot is pseudo-Arrhenius plot, from which the 
apparent activation energy can be found as the slope, multiplied by the gas constant R and the stoichiometric 
coefficient b.

If it is desired to deduce the reaction rate coefficient k from the pseudo-Arrhenius plot it is necessary to take the 
concentration of the third body (M) into account. This point, which can be seen from equation (2), was also 
emphasized by Petersen and Crofton [9] in 2003. These authors suggests that the discrepancy between the reported 
values for the rates of reaction (1) has occurred because previous authors have failed to take the concentration of 
other gases (represented by M in reaction (1)) into account. They then show that dividing the apparent reaction rates 
in these studies by that study’s value for [M], results in very good agreement between the experiments.  

1.2. Motivation

Despite Petersen and Crofton’s clarification, regarding the influence of third body M on the reaction rate of SiH4
decomposition [9], further contributions are needed for a deeper understanding of the dependence of this process on 
temperature, pressure, SiH4 concentration and dilute gas. To this end, we have determined the critical nucleation 
concentration for SiH4 diluted in H2 in the temperature range from 400 to 700 ºC, thereby extending the temperature 
range which already is investigated in literature to considerably lower values. Moreover, in order to provide a deeper 
understanding of the chemical path leading to nucleation, we have monitored the concentrations of SiH4, disilane 
(Si2H6) and trisilane (Si3H8), in the reactor exhaust as function of reactor temperature. These species are believed to 
be intermediate steps on the chemical pathway from SiH4 to solid silicon particles. 

2. Experimental 

Our nucleation experiments were carried out in the FSR outlined in Fig.1.(a). The reactor has a diameter of 
156 mm and a length of 100 cm and is divided into four heating zones, each with a length of 25 cm. The 
temperatures are kept by heaters outside the reactor tube, and can be set to different values in each of the heating 
zones. Two sets of internal temperature probes are positioned in the reactor core, one at inner wall, and one in the 
reactor center, to accurately measure the temperature in situ in the four different heating zones. In this experiment 
zone number three, hereafter called the reaction zone, was the warmest temperature zone. The decomposition 
reaction is thus assumed to take place mainly in this zone. Mass flow controllers are used to monitor and control the 
flow rate and composition of reaction gas (SiH4 and H2, premixed before entering) into the reactor. At the gas flow 
used for this experiment, the residence time for the gas in the reaction zone is approximately 3 - 4 s, depending on 
temperature.
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Fig. 1. (a) Illustration of the free space reactor used for nucleation experiments; (b) Illustration of the exhaust monitor used for detection of the 
critical nucleation concentration. 

In order to detect the critical nucleation concentration for various temperatures, the temperature in the reaction 
zone was in this experiment increased step-wise, from approximately 400 to 700 ºC. For chosen temperatures, the 
concentration of SiH4 in the pre-mixed incoming reaction gas was slowly increased until particles were observed in 
the exhaust, as an indication that nucleation had taken place. The optical monitoring setup used for this purpose is 
described in the following section. After nucleation was observed at one temperature, the SiH4 concentration was 
returned to zero, before the reactor was heated to the next temperature step, and the process was repeated. The 
temperature in the reaction zone, as well as the SiH4 inlet concentration is shown in Fig. 3.(a). The reactor was kept 
at atmospheric pressure throughout the experiment. 

A second reactor, similar to the one described above, was used in the experiments related to the chemical 
composition of the exhaust gas. In this experiment, the SiH4 concentration was kept constant at 10%, whereas the 
reactor temperature was varied stepwise from 500 to 650 ºC. The pressure was kept constant at approximately 1 atm. 
At each temperature step, the gas composition was analysed with a gas chromatograph and mass spectrometer 
(GCMS) setup, described below. 

2.1. Optical monitoring

For the detection of particles in the exhaust (i.e. detection of the critical concentration for nucleation), an optical 
monitoring setup of our own design (Fig.1.(b)) was used. This instrument has been especially designed for the 
monitoring needs for SiH4 decomposition reactors, and includes a light source (100 W mercury short arc), two CCD 
cameras and an optical spectrometer (Ocean Optics Maya 2000). During an experiment, the light source illuminates 
the reactor exhaust, whereas the cameras and the spectrometer are used to monitor light scattered on particles in the 
exhaust flow. The amount of light scattering from the exhaust will depend on whether or not the exhaust contains 
particles, i.e. whether or not nucleation has taken place in the reactor. The imaging capabilities of the exhaust 
monitoring setup also contribute to understanding the flow pattern (e.g. laminar flow or turbulent flow) present in 
the reactor. 

2.2. Chemical monitoring  

The chemical composition of the gases exiting the reactor was determined with a Gas Chromatography Mass 
Spectrometer (GCMS) specially designed for detection of silanes (see Fig. 2). We provide only a brief description of 
this instrument here; details will appear in a future publication.  
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Fig. 2. Schematic sketch of the GCMS. The species that are detected in each of the detectors, are indicated in red. 

Exhaust gasses are injected into the GC in two parallel streams, both of which use He as carrier gas.The first 
stream is dedicated to H2 detection and uses CarbonPlot (Agilent) and HP-Molsieve (Agilent) columns to separate 
gases before detection in a Thermal Conductivity Detector (TCD). The second stream is dedicated to detection of 
silanes and uses a Select Silanes GC column (Agilent) to separate gases before entering the MS. SiH4 and Si2H6 are 
shunted from the MS, further separated in a column of the type HP-Plot/Q and detected in a second TCD.  

3. Results & Discussion 

3.1. Nucleation

The determined onset of nucleation as a function of the temperature in the reaction zone of the FSR and the SiH4
inlet concentration is shown in Fig. 3.(a). All data is shown as a function of time. The arrows indicate the time at 
which particles in the exhaust for each set of increasing temperature and SiH4 inlet concentration were first 
observed. This is taken as the critical concentration for that temperature. The black bars following each arrow show 
the time range over which particles in the exhaust were observed. When the SiH4 concentration was turned down to 
zero after each temperature step, signs of nucleation observed in the exhaust monitor quickly disappeared. This is 
seen in Fig. 3.(a) by the termination of the black bars at the time the SiH4 concentration is turned down.

Fig. 3.(a) Reactor center temperature in the reaction zone (black) and SiH4 inlet concentration (red) at different times during the experiment. The 
upper part of the figure indicates the time intervals in which particles were observed in the exhaust monitor. The beginning of each nucleation 
event, indicated with an arrow, corresponds to the set of conditions (temperature and SiH4 concentration) for which silicon particles starts to 
form. The arrows thus relate temperatures to corresponding critical SiH4 concentration; (b) Comparison of critical nucleation concentration and 
temperature observed in this work with data previously reported in literature. Adapted from [6]. 
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Fig. 3.(b) shows critical nucleation concentration values from the same experiment plotted semi-logarithmically 
against inverse temperature. Results from the studies listed in Table 1 (only those that have investigated critical 
nucleation concentration rather than critical nucleation pressure) are also shown. For the highest and lowest parts of 
the temperature range in our study (below approximately 500 ºC and above approximately 600ºC) an almost linear 
relation is observed, whereas in the intermediate temperature range a region with a less steep nucleation curve is 
seen. Based on each temperature interval of the curve, (400 – 500 ºC, 500 – 600 ºC and 600 – 700 ºC) apparent 
activation energies are estimated. This estimation is done in accordance with equation (5), with the SiH4
concentration inserted for [B] and the coefficient b chosen to unity. Linear regression of the natural logarithm of the 
SiH4 concentration values is used. The obtained apparent activation energies are 23 kcal/mol for temperatures above 
600 ºC, 8 kcal/mol for temperatures between 500 and 600 ºC and 32 kcal/mol for temperatures below 500 ºC. The 
apparent activation energies for the highest and lowest temperature range correspond well to values from other 
studies listed in Table 1. However, the result for the intermediate temperature region (500 - 600 ºC) represents a 
significant deviation from the results of the other studies shown in Fig.3.(b) and suggests that the nucleation process 
under investigation might be governed by different limiting reactions under different temperature regimes. This 
hypothesis is further elaborated on in the following section.  

Among the studies listed in Table 1, that of Slootman and Parent [6] is the only one whose temperature interval 
overlaps with the temperature interval that we have investigated. We have therefore critically looked for differences 
between these two studies that may cause the differing results. Pressure, residence time and reactor length are, to a 
good approximation, the same in the present work as reported by Slootman and Parent. Therefore, we do not believe 
that differences in these parameters contribute significantly to the observed deviations. The large difference in 
reactor diameter (8 mm vs. 156 mm) may, on the other hand, influence the result. Both in our reactor and in the 
reactor used by Slootman and Parent the reaction gas is heated by conduction from the reactor wall. A large 
diameter, combined with high gas flow is therefore likely to cause larger spatial temperature variations throughout 
the reactor. In order to reduce the uncertainty related to this temperature gradient, our temperature measurements 
were done in the middle of the reaction zone, centrally in the reactor. An eventual systematic error in the 
temperature measurements would cause a left-right shift in the nucleation curve shown in Fig.3.(b). The slope of the 
curve, however, is not likely to be altered. 

3.2. Chemical analysis  

Fig. 4. shows normalized concentrations of SiH4, Si2H6 and Si3H8, as measured with GCMS, in the reactor 
exhaust as function of reactor temperature.  The normalization is done for each of the species by dividing the species 
concentration at each measurement by the maximum concentration of that species. Without normalization, the 
concentrations of Si2H6 and Si3H8 are approximately two and three orders of magnitude smaller than the SiH4
concentration, respectively. At 500 ºC (1/T  0.0013 K-1) the concentrations of Si2H6 and Si3H8 are low, indicating 
that little SiH4 has decomposed to form higher order silanes. However, at 550 ºC the concentrations of Si2H6 and 
Si3H8 have increased, a signature of thermal decomposition. The subsequent decrease in the concentrations of Si2H6
and Si3H8 suggests that further reactions have taken place, in which these species have contributed to the formation 
of longer silane chains or to particle nucleation. These results corresponds well to observations by Slootman and 
Parent [6]. 
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Fig. 4. Normalized concentrations of silane, disilane and trisilane in FSR exhaust, as function of reactor temperature. The normalization is done 
for each species separately, by dividing the species concentration at each measurement by the maximum concentration of that species in the 
measurement series. The lines are guides to the eye. 

One should notice that the peak concentration of Si2H6 and Si3H8 displayed in Fig .4. occurs at approximately the 
same temperature as the flat part of the nucleation curve in Fig. 3.(b). This fact leads us to hypothesize that the flat 
part in the nucleation concentration curve (Fig. 3.(b)) has a relation to the increased concentration of higher order 
silanes in that temperature range. One possible explanation to the observed nucleation behavior is thus the 
following: As temperature increases from room temperature to approximately 500 ºC, a steadily decreasing 
concentration of SiH4 is neccessary for the creation of nuclei, because the present silane molecules have increasing 
amount of internal energy. We may assume that the splitting of SiH4 to SiH2 and H2 (reaction (1)) is the limiting step 
for the entire nucleation reaction in this temperature region, meaning that the rate of this reaction will determine the 
combination of temperature and concentration at which nucleation occurs. For some combination of temperature, 
silane concentration and pressure, one of the elementary reactions that transform Si2H6 and Si3H8 to other species 
becomes rate-limiting. This rate seems to be less temperature dependent; meaning that even if the temperature is 
further increased nucleation will not take place at decreasing SiH4 concentrations. Instead Si2H6 and Si3H8 may “pile
up” in the reactor, causing the high concentrations of these species at intermediate temperatures (500 - 600 ºC) seen 
in Fig. 4., as well as the flat part of the curve in Fig. 3.(b).  

The change in apparent activation energy for a multistep reaction from a high apparent activation energy at low 
temperatures to a lower apparent activation at higher temperatures can be an indication of a shift of rate control to a 
different step within one reaction pathway [10]. One may realize this by imagining Arrhenius plots (natural 
logarithm of k plotted against inverse absolute temperature) of the elementary steps in a two-step reaction. If the 
stoichiometry and concentration of reactants are the same for two elementary reactions, the reaction with the lower k 
(i.e. the lower line in the plot) will always be the one limiting the overall reaction speed. If the reaction step that is 
limiting at low temperature has a high activation energy, the extrapolation of the Arrhenius line of this reaction step 
into the neighboring, warmer temperature region will be above the Arrhenius line of the lower activation energy 
reaction which limits at higher temperatures. Thus, in the high temperature region, the reaction step which is 
limiting at lower temperatures, will not affect the overall reaction rate. This explained situation matches the 
transition between the lowest temperature region (400 - 500 ºC) and the intermediate temperature region (500 – 600 
ºC) observed in our study.  

Between the intermediate and the high temperature region, however, the apparent activation energy changes from 
a lower to a higher value as temperature increases. Based on the same explanation as in the above paragraph, one 
may realize that such a change in apparent activation energy should be impossible within the frame of one reaction 
mechanism. Considering the complexity of the reaction under consideration, it is not unlikely that the reaction  
mechanism through which the reaction mainly proceeds changes from one pathway in one temperature region, to 
another, parallel pathway in another region. Such a change will result in high apparent activation energy in the 
higher temperature region and a lower apparent activation energy in the lower temperature region [10]. This 
combination of activation energies corresponds to the transition between the intermediate and the high temperature 
region in our investigation, and we therefore hypothesize that the observed change in apparent activation energy 
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between the high temperature and the intermediate temperature region is caused by a shift of the rate control to 
another parallel pathway.   

In pseudo-Arrhenius plot of a multistep reaction, not only activation energies of reaction steps but also the 
concentrations of all involved species, as well as their stoichiometric coefficients may influence the resulting curve 
shape (cf. equation (5)). Therefore, one should be cautious when drawing conclusions based on apparent activation 
energies based from such a plot only. An alternative explanation to the segmented curve shown in Fig. 3.(b), is that 
the process is activated (i.e. follows Arrehnius behavior) at low temperature while at high temperature it is limited 
by equilibrium concentrations and mass transport, rather than by the activation energy of a certain reaction step. The 
origin of the observed behavior will be subject for further investigations. 

4.  Conclusions 

We have determined the critical concentration for particle nucleation from SiH4 gas diluted in H2 for varying 
temperatures. For temperatures below 500 ºC and above 600 ºC we observed a linear relation between inverse 
temperature and corresponding critical nucleation concentration plotted semi-logarithmically, corresponding well to 
literature. For intermediate temperatures, the reaction showed a much weaker temperature dependence. The apparent 
activation energy for the nucleation reaction was estimated to 23 kcal/mol for temperatures above 600 ºC, 
8 kcal/mol for temperatures between 500 and 600 ºC and 32 kcal/mol for temperatures below 500 ºC. The weak 
temperature dependence between 500 ºC and 600 ºC represents a deviation from the behavior described in literature 
(see Fig. 3.(b)) and suggests that the nucleation process under investigation is subject to different limiting reaction 
steps in the different temperature regimes. This hypothesis is supported by GC-MS investigations showing enhanced 
concentrations of Si2H6 and Si3H8 in the same temperature range as the flat part of the nucleation curve, indicating a 
bottleneck for the further evolution of these species into even higher order silanes. 
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ABSTRACT: Thermal decomposition of monosilane (SiH4) is an important process step in the production of poly-Si 
in fluidized bed reactors (FBRs) and centrifugal chemical vapor deposition reactors (CCVDRs). These two reactor 
technologies both offer energy-saving alternatives to the Siemens reactor, which is the most commonly used reactor 
technology in today’s market. We have studied thermal decomposition of SiH4 diluted in hydrogen (H2) in a free-space 
reactor (FSR) with varied inlet concentrations of SiH4 and varied reactor temperature. The reactor exhaust was studied 
with an advanced combination of Gas-Chromatography and Mass-Spectrometry (GC-MS) allowing for detailed chemical 
analysis. For an inlet concentration of 10 vol. % SiH4 in H2, we observe a peak in the outlet concentration of higher order 
silanes as function of reactor temperature between 500 and 550 °C. When the inlet concentration of SiH4 is lowered to 1 
vol. %, the peak is found between 600 and 650 °C. Our results, which are in line with earlier reported observations, are 
relevant for the further optimization of industrial poly-Si production reactors utilizing SiH4.  
 
Keywords: Silane, Silicon purification, GC-MS 

 
 
1 INTRODUCTION 
 

Today’s most frequently used production path for 
polysilicon and solar grade silicon (SG-Si) relies on 
thermal decomposition of trichlorosilane (SiHCl3, 
“TCS”) in a Siemens-type reactor. This reactor, which is 
operated batch-wise, requires heating of silicon (Si) rods 
on which decomposition of TCS is designed to occur. 
The reactor wall, on the other hand, must be cooled in 
order to hinder TCS from decomposing on the wall 
surface. During reactor operation, only about one fourth 
of the TCS gas introduced to the reactor forms solid 
silicon [1]; the rest undergoes a competing reaction 
forming silicon tetrachloride (SiCl4). This byproduct is 
recycled to form new TCS that is subsequently re-
introduced to the reactor. Nevertheless, the combination 
of the low chemical yield with batch-wise operation and 
high demands for heating and cooling makes the Siemens 
process relatively expensive, both in terms of cash and 
energy. 

Fluidized bed reactors (FBRs) (see Figure 1) are one 
of the most promising alternatives to the Siemens reactor 
[2], [3]. In these reactors monosilane (SiH4) is commonly 
used as the source of Si atoms. In addition to SiH4, 
hydrogen or nitrogen gas is injected at high velocity from 
the reactor bottom. This high velocity gas creates a 
turbulent zone and fluidizes the Si particles (seed 
particles) that are injected from the reactor top. A particle 
is said to be fluidized when the drag force created by the 
gas flow is at same order of magnitude as the weight of 
the particle [3], meaning that the particle will “float” in 
the reactor.  

 
 

 
Figure 1:  Fluidized bed reactor. 

 
 When the seed particles are heated to a temperature 
above the decomposition temperature of SiH4, the SiH4 
gas will decompose. The decomposition is desired to take 
place heterogeneously at the gas-solid interface, meaning 
that Si will deposit on the seed particles, causing them to 
grow. When the weight of the particles exceeds the drag 
force from the fluidizing gas, i.e. when they have reached 
a suitable size, they will sink to the reactor bottom from 
where they can be harvested. 
 Homogeneous decomposition of gaseous SiH4 is a 
competing process to the desired heterogeneous 
decomposition. When homogeneous decomposition takes 
place, fine Si dust (fines) is created. The production of 
this fine dust can be a major challenge for FBR operation. 
The fines are transported out with the off-gas from the 
process and cannot be sold as high quality polysilicon. In 
addition, the fines can lead clogging of piping valves and 
filters.  
 Recently, the centrifugal chemical vapor deposition 
reactor (CCVDR, see Figure 2) was introduced as a 
second SiH4-based alternative to the Siemens process. 
This method utilizes centrifugal acceleration to separate 
Si from H2 upon thermal decomposition of SiH4, and has 
proven the ability to produce polysilicon at low cost and 
with very low dust production [4]. There is, however, still 
room for improvement of the process by improving our 
fundamental understanding of the thermal decomposition 
process of SiH4. 
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Figure 2: Centrifugal chemical vapor deposition reactor. 
 
Highly simplified, the thermal decomposition of SiH4 can 
be expressed as the SiH4 molecule splitting off two H2 
molecules to produce solid Si according to the following 
overall formula: 
 
          SiH4(g)     2H2(g)  +  Si (s).                  [1] 
 
In reality, however, the reaction proceeds through a 
complicated kinetic reaction mechanism, that is yet to be 
understood in detail. There seems to be broad agreement 
([5]–[9]) that the first step within the mechanism of 
homogeneous decomposition of SiH4 is 
 

        M  +  SiH4   
 
M here represents a third body that may transfer energy 
into and out of the system. M and M’ differ, in other 
words, only in energy content, not identity. 
 Further silane chain growth requires a balance 
between hydrogen elimination from silanes to form silyl 
radicals, and new Si-Si bond formation by reaction of 
silyl radicals with silane (e.g. [8], [10], [11]). As soon as 
the number n of Si atoms in a molecule exceeds 3, 
branching and ring formation give rise to a large number 
of isomeric structures. Moreover, the elimination of H2 to 
form silenes (species containing double bonding) and 
silylenes (divalent radical species)  further increases the 
number of reactions and chemical species that must be 
considered in a reaction network [11].  
 An extensive amount of work has been done in order 
to survey the decomposition process, both by 
experiments (e.g. [7], [12]–[14]) and by modelling (e.g. 
[9], [11], [15], [16]). Nevertheless, there seem to be 
discrepancies among the suggested models as well as 
poor agreement between models and experimental work. 

 
 
2 EXPERIMENTAL APPROACH 
 

At IFE (Institute for Energy Technology), a suite of 
characterization tools for reactor operation, including 
optical exhaust monitoring for particle detection and an 
advanced GC-MS system (gas chromatography combined 
with mass spectrometry) is available [17], [18]. The 
laboratory infrastructure also includes a CCVDR, two 
free-space reactors (FSRs) and a laboratory scale FBR.  
 
2.1 Reactor 

This experiment was conducted in the FSR outlined 
in Figure 3, recently constructed at IFE. The horizontal 
reactor of stainless steel has an inner diameter of 50 mm 
and is 3.1 m long. The length of the heating, reaction, and 
cooling zone are 1.0 m, 0.1 m, and 1.0 m, respectively.

  

 
 
Figure 3: Simplified sketch of the free-space reactor in 
which the experiments were conducted.  
 
 The reactor used for this experiment differs 
significantly in size and shape from the FSR that has 
been utilized for SiH4 decomposition experiments at IFE 
in the past [17]. This new, smaller reactor allows for 
better control of process parameters, including gas 
temperature and gas flow. The gas temperature is 
monitored by four sensors outside the reactor tube as well 
as four sensors placed in the center of the reactor. The 
flow and composition of the reactant gas is controlled and 
monitored by mass flow controllers. 

In this experiment the preheating zone temperature 
was kept constant at 300 °C, whereas the reaction zone 
temperature was varied from 350 °C to 700 °C. 
Concentrations of 10 vol. % and 1 vol. % SiH4 in H2 were 
used as reagent gas in the experiment. The total gas flow 
was kept constant at 2 SLM (standard liter per minute), 
giving theoretical residence times of about 1.6 to 2.6 
seconds, depending on reactor temperature. The reactor 
was kept at atmospheric pressure.   

  
2.2 GC-MS (Gas Chromatography – Mass Spectrometry) 

The reactor exhaust was sampled and analyzed with a 
tailor-made GC-MS system, outlined in Figure 4. 

 
Figure 4: Schematic sketch of the GC-MS. The species 
that are detected in each of the detectors are indicated in 
red. 
  

In the GC-MS, the separation of the analyte gas is 
achieved by an Agilent 7890B GC system, with injection 
of exhaust gas into two parallel gas streams, both using 
helium as carrier gas. The first stream, which is dedicated 
to the detection of silanes uses a Select Silanes GC 
column (Agilent) to separate silanes of order n ≥ 3 
according to their molecular mass and shape. SiH4 and 
disilane (Si2H6), on the other hand, are not well separated 
by this column. Therefore, a time-dependent switch 
ensures that the compounds that elute from the column 
first (SiH4 and Si2H6) are sent to a Carbon-PLOT (porous 
layer open tubular) column to be further separated before 
they are detected in a TCD (thermal conductivity 
detector). Using a TCD protects the MS from the high 
concentrations of mono- and disilane in our experiments. 
 The TCD is a simpler and more robust detector than 
the mass spectrometer and can more easily be replaced 
when degraded by silane decompositions. Compounds 
with three or more silicon atoms (trisilane (Si3H8), 
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tetrasilane (Si4H10), etc.) are well-separated by the Select 
Silanes column and are sent through a restrictor column 
before they are ionized and detected in the MSD (Agilent 
5977A Series quadrupole mass spectrum detector with 70 
eV electron ionization).  

The second gas stream is dedicated to separation and 
quantification of H2 gas, obtained by a Carbon-PLOT 
column with a back flushing system, combined with a 
HP-Molsieve (Agilent). After being separated from the 
gas mixture, H2 gas is lead to second TCD for 
quantification.  

 
 

3 RESULTS AND DISCUSSION 
 
3.1  Interpretation of GCMS results  
 Figure 5 shows an example of the data obtained from 
one GC-MS measurement. Each higher order silane 
elutes from the GC system at one specific time, thus 
creating a well-defined peak in the total ion 
chromatogram shown in blue along the left axis. The 
mass spectra corresponding to each peak in the total ion 
chromatogram are shown in green along the right axis.  

 
 
Figure 5: Visualization of the 2 dimensions (GC elution 
time and m/z values) of the data obtained by the GC-MS. 
The data along the blue axis is the total ion count, and the 
data along the green axis is the abundance of the 
fragments. Both intensities are plotted in linear arbitrary 
units. 

 To the best of our knowledge, the 70 eV electron 
ionization mass spectra of only the smallest silanes 
(Si2H6 and Si3H8) and have been published so far [19], 
[20]. This work therefore represents a new level of detail 
in mass spectrometric analysis of inorganic compounds 
and there are no existing entries in a database predicting 
the mass spectra of the higher order silanes. Because of 
the hard ionization (70 eV electron ionization), extensive 
fragmentation of the silanes occurs. The molecular ion is, 
in most cases, overshadowed by the fragment ions in the 
mass spectra. A silane with n Si atoms appears as 
fragments with m/z (“mass-to-charge-ratio”) values 
corresponding to k ≤ n Si atoms with a number of 
attached H atoms ranging from 0 to 2k+2. The latter 
corresponds to a fully saturated higher order silane. The 
observed fragmentation patterns have some similarities to 
that of hydrocarbons. In the case of silanes however, the 
fragmentation appears to be even more extensive. 
Matching mass spectral and chromatographic data to 
silane species, and especially to isomers, is therefore 
challenging. So far, trisilane (Si3H8), normal-tetrasilane 

and iso-tetrasilane (Si4H10) are identified (see Figure 4). 
Work is in progress to identify the numerous silane 
isomers with n > 4.   
 
3.2 Concentration of higher order silanes as function of 
reactor temperature 
 Figure 6 shows normalized concentrations of SiH4, 
Si2H6, Si3H8 and the two tetrasilane isomers (n-Si4H10 
and iso-Si4H10) for an inlet SiH4 concentration of 
10 vol. %. The normalization is done for each species 
individually. Their relative concentrations should 
therefore not be compared. 
 

 
Figure 6: Normalized concentration of silanes as 
function of reactor temperature. The initial concentration 
of SiH4 in H2 was set to 10 vol. %. The lines are guides to 
the eye.  
 
 The black line clearly indicates that the concentration 
of SiH4 decreases as the reactor temperature is increased. 
This decrease is reasonable, because increasing reactor 
temperature causes an increasing amount of SiH4 to 
decompose and form higher order silanes or even silicon 
particles. Further, Figure 6 indicates that the 
concentrations of all species, except from SiH4, attain a 
maximum value between 500 and 550 °C. The 
concentrations seem to quickly decrease both at higher 
and lower temperatures. This decrease suggests that di-, 
tri-, and tetrasilanes at temperatures higher than about 
550 °C contribute to the development of even larger 
silanes or silicon particles. Therefore, the reactor is 
depleted for these species. These findings are in line with 
observations that we [17], Slootman and Parent [7], and 
Onischuk et al. [6] have reported earlier; all based on 
studies conducted in different free space reactors. 
 Figure 7 compares the concentrations of SiH4 and 
Si3H8 in the reactor exhaust as function of reactor 
temperature, for inlet SiH4 concentrations of 10 vol. % 
and 1 vol. %. Interestingly, for 1 vol. % SiH4 inlet 
concentration, the peak in the Si3H8 concentration in the 
exhaust has shifted approximately 100 °C to the high 
temperature side, as compared to the 10 % case. The 
highest concentration appears between 600 and 650 °C.  
As in Figure 6 all higher order silanes seem to have their 
peak concentrations at approximately the same 
temperature at equal inlet concentrations; for clarity only 
Si3H8 is included in the figure. 
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Figure 7:  Comparison of normalized concentrations of 
SiH4 and Si3H8 in reactor exhaust as function of 
temperature, for inlet concentrations of 10 vol. % and 
1 vol. % SiH4 in H2. The lines are guides to the eye. 
   

The shift of the elevated concentration to higher 
temperatures at lower SiH4 inlet concentrations can be 
explained by the displacement of the equilibrium reaction 
[2], which is endothermic when proceeding from left to 
right, as written in Equation 2. When SiH4 is removed 
from the system, heat must be added (i.e. the temperature 
must be increased) in order to initiate the first step of the 
thermal decomposition. 
 Slootman and Parent [7] and Onischuk et al. [6] both 
report a clear peak in the concentration of Si2H6 as 
function of reactor temperature during thermal 
decomposition  of SiH4. For inlet SiH4 concentrations at 
the order of 1 %, they observe maximum Si2H6 exhaust 
concentrations for temperatures about 550 °C, which is 
less than the temperature by which our highest 
concentration is observed. This discrepancy leads us to 
hypothesize that the combined heat transfer by 
convection and conduction in our reactor is insufficient to 
heat the reagent gas to the desired temperature quickly 
enough to initiate the reaction within the residence time. 
Temperature gradients within the reactor will be further 
discussed in the following subsection.  
 It should also be noticed that the peak that we 
observed between 600 and 650 °C for 1 vol. % SiH4 inlet 
concertation is in the concentration of Si3H8 (and higher 
order silanes), whereas the observations of Onischuk et 
al. and of Slootman and Parent are based on the Si2H6 
concentration. Because the TCD with which our Si2H6 
signal is measured is less sensitive than our MSD, we 
were unable to quantify the Si2H6 concentration in the 
exhaust for the case of 1 vol. % SiH4 inlet concentration. 
Based on Figure 6, one would expect to find the 
maximum concentration of all higher order silanes for 
one given SiH4 inlet concentration at a similar 
temperature. We have, however, no evidence that the 
temperatures at which the concentration of each different 
higher order silane attains its maximum value cannot 
change relative to each other as the SiH4 inlet 
concentration is varied. Our temperature steps (50 °C) 
might be too large to detect such shifts. Future 
experiments will be conducted with higher temperature 
resolution, allowing for a more detailed understanding of 
the concentrations of individual higher order silanes as 
function of temperature. 
  
 
 

3.3  Temperature distribution within the reaction zone and 
its influence on residence time 
 In order to obtain a more in-depth understanding of 
the temperature distribution within the reactor, a 
computational fluid dynamics model using the software 
(SiSim) [21] has been applied. Figure 8 shows the 
modelled temperature distribution in a cross-section of 
the reactor for a heating zone set temperature of 300 °C 
and a reaction zone set temperature of 650 °C. The total 
gas flow is 2 SLM, and the SiH4 inlet concentration is 
1 vol. %. These reactor conditions correspond to the 
conditions for the Si3H8 peak concentration in the lower 
part of Figure 7.  

 
Figure 8: Modelled temperature map in reactor cross 
section.  
 
 The figure reveals that the gas flow through the 
reactor combined with limited heat transfer from the 
reactor wall to the reactor center causes a shift of about 
50 °C from the set temperature to the maximum reactor 
center temperature. Our temperature measurements from 
the reactor core compared to those from the reactor wall 
show a similar trend. Figure 8 further illustrates how 
limited heat transfer reduces the effective length of the 
reaction zone and therefore the effective residence time 
in the high temperature region. Because of the low 
Reynolds number, which is equal to 5 at the inlet, the 
fluid flow is laminar and the heat transfer coefficient 
between the reactor wall and the gas low. For the 
modeled reactor conditions, the axial region in which the 
temperature in the reactor center lies within a 20 °C range 
from its maximum value is no more than 2.5 cm, i.e. one 
fourth of the reaction zone length. The effective residence 
time in this temperature range is therefore only one fourth 
of the theoretical residence time.  
 Based on our model, we have reason to believe that 
our measured reactor center temperature is in the upper 
range of the temperatures that the gas actually attains on 
its way through the reactor. There might therefore be a 
discrepancy between the measured temperatures (as 
shown in Figures 6 and 7) and the temperatures at which 
the observed thermal decomposition actually takes place. 
This discrepancy can partly explain the apparent 
difference between our  results and the results of 
Slootman and Parent [7] and Onischuk et al. [6] who find 
the highest concentrations of higher order silanes at about 
550 °C for an inlet SiH4 concentration at the order of 
1 %.  
 
3.4 Influence of residence time on the nucleation process  
 Residence time is, in addition to SiH4 inlet 
concentration and reactor temperature, an important 
parameter for the thermal decomposition of SiH4. Ideally, 
in our experiment, we would like to keep our reactor 
operating at a constant residence time. However, as the 
reactor temperature is increased, thermal gas expansion 
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will increase the volumetric flow through the reactor and 
thus reduce the effective residence time. It is reasonable 
to assume that a decreased residence time requires an 
increased temperature for decomposition to take place. 
Therefore, the inherent decrease in residence time that 
will take place when reactor temperature is increased will 
influence measurements of decomposition as function of 
temperature. The influence of residence time on the 
thermal decomposition process will be further addressed 
in a future publication.  
  
3.5  Implications for reactor operation 
 Our findings on the exhaust concentrations  of 
higher order silanes as functions of reactor temperature 
and SiH4 inlet concentration are of relevance for the 
operation of silicon production reactors. In the operation 
of FBRs, heterogeneous decomposition of SiH4 is 
desired, whereas homogeneous decomposition is 
unwanted because it causes dust production and reactor 
clogging. The decrease in the exhaust concentration of 
higher order silanes at high temperatures is probably a 
signature of higher order silane molecules bonding to 
each other to produce nanoparticles/dust. Operating a 
reactor under these conditions is therefore unfavorable, if 
fines formation is to be avoided. The relatively narrow 
temperature region for which a high concentration of 
higher order silanes is measured (between 500 and 
550 °C for 10 vol. % SiH4 inlet concentration and 
between 600 and 650 °C for 1 vol. % SiH4 inlet 
concentration) is, on the other hand, likely to be a 
favorable temperature for reactor operation. The higher 
order silanes that are produced at these temperatures are 
“sticky” (attach easily to surfaces) and are therefore 
likely to contribute positively to heterogeneous 
decomposition and thus growth of the seed particles, as 
well as scavenging of generated fines. A similar result 
was published by Filtvedt et al. [3] reporting that too high 
reactor temperatures applied during FBR operation seem 
to promote fines production over heterogeneous growth.  
 
 
4 CONCLUSION 
  
 The outlet concentration of higher order silanes in the 
exhaust of a free-space reactor, in which thermal 
decomposition of SiH4 takes place, shows a clear increase 
in a narrow reactor temperature range. The reactor 
temperature that produces maximum higher-order silane 
concentrations increases with decreasing inlet SiH4 
concentration. For an inlet concentration of 10 vol.  % 
SiH4 in H2, we observe a significant increase in the 
concentration of higher order silanes in the exhaust 
between 550 and 550 °C. For 1 vol. % inlet 
concentration, the increased concentration is found at 
temperatures about between 600 and 650 °C. The 
elevated concentrations of higher order silanes that are 
observed for certain reactor temperatures probably 
indicate that at these temperatures, higher order silanes 
are produced at a higher rate than they are rebuilt to form 
silicon particles.  
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Abstract 

Thermal decomposition experiments with monosilane diluted in hydrogen have been conducted in a free-space reactor with an 
extendable reaction zone, allowing for easy variation of residence time. Reactor effluent was analyzed by gas-chromatography 
combined with mass-spectrometry (GC-MS). The applied analysis technique enables detection of silanes with up nine silicon 
atoms, as well as absolute quantification of the concentrations of mono-, di-, and trisilane. For all the detected silanes, our gas 
analyses show a peak in reactor outlet concentration as function of temperature whose position and shape depend on the number 
of silicon atoms ( ) contained in the silane species. The peak width decreases and the peak position shifts to higher temperatures 
with increasing  At increased residence time, the concentration peak shifts to lower temperatures and the SiH4 consumption 
rate increases. This is consistent with the expected behavior for a system described by Arrhenius kinetics. The maximum outlet 
concentrations of all the measured silanes decrease with increasing residence time. However, the dependence of silane 
concentrations on temperature and residence time is not trivial: At a fixed temperature the measured outlet concentrations will 
increase with increasing residence time in some temperature regions and decrease with residence time in other temperature 
regions. By mapping outlet concentrations as function of temperature and residence time we attempt to decouple the effect of 
these two parameters and to untangle their effect from that of reactor geometry and operation.  



 Guro M. Wyller et al. / Energy Procedia 124 (2017) 814–822 815

1. Introduction 

Improvements of photovoltaic (PV) manufacturing processes can significantly reduce the overall costs of solar 
electricity and simultaneously increase the life-cycle climate benefits of PV power generation. Recent analyses [1] 
show that reducing the energy consumption for solar grade silicon production by 15–17 kWh/kgSi is – in a CO2 
emission perspective – equivalent to a 1 % increase in the baseline efficiency for mono Si and multicrystalline (mc) 
Si PV modules. Replacing the traditional Siemens process by less energy intensive solar grade silicon refining routes 
such as the fluidized bed reactor (FBR) route, which is considered one of  the most promising alternatives to 
Siemens process [2], is one way of reducing the energy consumption related to solar grade silicon production. 
However, FBR operation meets challenges due to formation of dust particles (fines) and to material contamination 
from fines and from the reactor walls [3–5]. Detailed understanding on the thermal decomposition process of 
monosilane (SiH4), which is the preferred source of silicon in FBR, is crucial for overcoming these challenges. 
Fundamental understanding of the thermal decomposition of monosilane can also accelerate optimization of 
chemical vapor deposition processes for semiconductor applications [6] and production of other novel forms of Si, 
such as nanoparticles for use in in Li-ion batteries [7] . 

Numerous studies have been conducted, both experimentally  [8–16 and others] and by modelling [6,8,10,13,17–
19 and others], in order to broaden the understanding of thermal decomposition of monosilane and its dependence on 
reaction parameters such as temperature, inlet concentrations and residence time. Works investigating thermal 
decomposition of disilane (Si2H6) [20–22] are also of relevance for understanding the thermal decomposition of 
monosilane. One possible reason for such a variety of contributions without consensus is the difficulty of 
distinguishing underlying physical chemistry from the effects of the various reactors and measurement techniques 
that are applied.  

Thermal decomposition of monosilane has been studied at low pressures [e.g. 13,23,25], atmospheric pressures 
[e.g. 9,14,15,26] and elevated pressures [e.g. 12,16] in various types of reactors, with differing sizes, geometries, 
flow rates and heat sources and with different dilution gases, including argon [25,27], hydrogen [14,15], [9], helium 
[27] and nitrogen [9]. Gaseous reaction products have been measured by various techniques, including, among 
others, gas chromatography (GC) [9,12], infrared emission [16,28], laser absorption [16,28] laser-induced 
fluorescence [29] and different types of mass spectrometry (MS), including electron ionization (EI) combined with 
single quadrupole MS mass spectrometry (MS) [8,10,24,30] and vacuum ultraviolet (VUV) photoionization time-of-
flight (TOF) MS [27,31,32]. A common theme among the applied gas measurement techniques is that they struggle 
to detect silicon hydride species with number of silicon atoms  > 5 and to distinguish between isomers with 
identical number of silicon atoms. We have previously applied GC-MS (gas chromatography combined with mass 
spectrometry) for measuring silicon hydrides with up to five silicon atoms and to distinguish between isomers of 
tetrasilanes (iso-tetrasilane and n-tetrasilane) [14]. In this contribution, we apply GC-MS for measuring silicon 
hydrides with up to nine silicon atoms. With the ability to detect these large silicon hydrides at varied reactor 
parameters, including temperature and residence time, we start building a framework for unveiling the underlying 
physical chemistry. 

2. Experimental 

Our pyrolysis experiments were conducted in a free-space reactor (Fig. 1) equipped with a preheating zone and 
four reaction zones in which the temperature can be set individually. Each reaction zone has a water cooling coil and 
a resistive heating coil. By varying the number of heating coils that are turned on, the residence time can easily be 
changed without altering the gas flow and thus the flow pattern in the reactor to a large extent. 
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Fig. 1. The FSR used for the temperature residence time investigations is equipped with a 54 cm long preheating zone and four reaction zones, 

each with a length of 15 cm. The tube has an inner diameter of 50 mm and the walls are made of 3 mm thick 316-LN stainless steel. 
For the experiments reported here we used a constant gas flow of 4.0 standard liters per minute (SLM), and 

monosilane inlet concentrations of 5.0 % and 10.0 %. H2 was used as dilution gas and the reactor pressure was kept 
constant at 1 atm. The temperature in the active reaction zones was varied in the range 450 ºC to 590 ºC, whereas the 
temperature in the preheating zone was kept constant at 300 ºC. Temperatures were measured at the reactor wall, as 
well as on a temperature probe placed in the reactor core. The probe is equipped with one thermocouple in the center 
of each reaction zone. In our measurements, the difference in absolute temperature between the wall and the reactor 
core is always less than 2.5%. In this contribution, all temperatures refer to the wall temperature. The temperature 
distribution and flow pattern within the reactor was estimated based on computational fluid dynamics (CFD) using 
the SiSim tool [33]. The model indicates large variations both in axial gas velocities and in temperature over the 
cross-section of the reactor. Therefore, defining the residence time corresponding to a certain number of active 
reaction zones is challenging. Table 1 lists low and high estimates for residence times with varying number of active 
heating zones. The low estimate defines residence time as the total time during which the CFD modelling reports the 
temperature for a gas parcel following the reactor center-line to be within 25°C of the set-point temperature. The 
high estimate defines residence time as the total time during which the CFD modelling reports the temperature for a 
gas parcel following a line 3.3 mm from the reactor wall to be within 25°C of the set-point temperature. In both 
definitions, because of slow heat transfer in the gas, the residence time in the case of only one reaction zone is 
0 seconds. We do therefore not include data obtained with only one active reaction zone. Moreover, because of the 
large discrepancy between the low and the high estimates for residence time, we will in the following refer to 
number of active heating zones in our reactor rather than specifying a certain residence time. The large spread in 
actual residence times for gas parcels following different paths through the reactor leads to difficulties in separating 
fundamental chemistry from reactor physics, and addressing these issues is the theme of current work in our group. 

Table 1. Low and high estimates for residence times resulting from various numbers of active reaction zones (see text). 

Number of active reaction zones Residence time ( ) 

Low estimate  High estimate 

2 reaction zones 0.6 1.8 

3 reaction zones 1.5 3.9 

4 reaction zones 2.5 6.3 

 

The reactor exhaust was analyzed with an advanced combination of gas chromatography and mass spectrometry 
(GC Agilent 7890B combined with MS Agilent 5977A), already described briefly in a preceding contribution [13]. 
Saturated silanes are detected by an electron ionization (EI) quadrupole mass spectrometer (QMS). The electron 
energy was set to 70 eV. With the settings used, our GC-MS system gives the possibility for detection of silanes 
with up to nine silicon atoms. By choosing longer GC holding times, even higher order silanes can be detected. We 
use a selected ion monitoring (SIM) method, in which the ions for monitoring the higher order silanes where chosen 
based on the fragmentation patterns of full m/z scans of the smaller, more abundant silanes. Limiting the number of 
ions we monitor drastically improves the signal-to-noise-ratio for these higher order silanes. Fig. 2 shows the sum of 
the signal intensity for the selected ions as function of GC elution time as well as an assignment of the signals to 
groups of gas species. 
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Fig. 2. Example ion chromatogram showing the sum of all monitored ions as function of GC retention time, for a reactor setting of two active 
reaction zones and a set temperature of 550°C. The monitored ions are m/z = 60, 90, 116, 118, 120, 148, 150, 178, 180, 208, 210, 240. The 
assignment of the peaks is based on mass spectral information (see text). 

 Assigning a GC peak to a specific silane species can be a challenge. For the purpose of this measurement, we use 
the highest m/z from our list of selected masses to assign each GC peak to a silane family (di-, tri-, tetra-, etc). The 
highest possible fragment masses for each silane family are indicated in Fig. 2. Within one silane family, assignment 
of GC peaks to specific isomers is aided by knowledge on boiling points and resulting GC retention times.  

SiH4 and Si2H6 were detected in a thermal conductivity detector (TCD) integrated in the GC setup. Three 
calibration standards (from Matheson) were used for obtaining absolute calibrations for SiH4, Si2H6 and Si3H8. We 
are not yet able to calibrate the measurement signals for other silanes. 

3. Results and discussion 

Fig. 3 shows exhaust concentrations of silanes with up to nine Si atoms as function of temperature, at two 
different residence time settings: two reaction zones (left column) and four reaction zones (right column). The upper 
panes display calibrated outlet concentrations for SiH4, Si2H6 and Si3H8. The central panes show signal intensities in 
arbitrary units of all gas species measured by the mass spectrometer in our setup (silanes with 3    9). The 
bottom panes show the measured signal for each species normalized to the maximum signal for that species.  
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Fig. 3. Outlet concentration of silanes as function of temperature at two different residence time settings: two reaction zones (left column) and 
four reaction zones (right column) during thermal decomposition of SiH4 diluted in H2. The inlet silane concentration SiH4inlet is 10%.  Upper 
row: calibrated outlet concentrations for SiH4, Si2H6 and Si3H8. Central row: signal intensities in arbitrary units for silanes with 3    9, as 
measured by mass spectrometry. Bottom row: measured signal for each species normalized to the maximum signal for that species. 
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As expected, the concentration of SiH4 is close to SiH4inlet = 10% at the lowest temperatures in both residence 
time settings (upper panes of Fig. 3), indicating that little decomposition takes place at temperatures below about 
450 ºC. For both cases, the SiH4 concentration steadily decreases with increasing temperature, indicating that an 
increasing amount of SiH4 reacts and forms higher order silanes. Furthermore, the increase of residence time from 2 
to 4 zones also substantially increases SiH4 consumption as function of temperature, which is consistent with a 
system described by Arrhenius kinetics.  

An increase in the exhaust concentration of all the measured gas species in a narrow temperature range is seen for 
both residence time cases, starting at about 480 °C for two reaction zones and at about 470 °C for four reaction 
zones. The build-up of gas-phase intermediates in a narrow temperature range during thermal decomposition of SiH4 
is known from literature for species with up to four silicon atoms [9,14,15,24,30]. Our results (Fig. 3, central and 
bottom panes) reveal that the peak in outlet concentrations for a certain temperature range is present for silanes with 
up to nine silicon atoms. Our results further indicate that the peak shifts to higher temperatures and becomes 
narrower with increasing number of silicon atoms contained in the species. Similar development of species 
concentrations as function of temperature and number of silicon atoms have previously been reported during thermal 
decomposition of disilane (Si2H6) diluted in argon [20], but has – to the best of our knowledge – not been observed 
for thermal decomposition of monosilane in  hydrogen.  

Comparison of the two residence time cases (Fig. 3, left and right) indicates that the maximum outlet 
concentration appears at lower temperatures when the residence time is increased. The increase in residence time 
obtained when increasing the number of heated zones from 2 to 4 gives a shift in peak position of approximately 
30 ºC for Si2H6. The temperature shift is similar for all the measured silanes. Other authors [8] have reported a peak 
in the concentration of Si2H6 whose position along the residence time dimension changed as function of temperature. 
As we will explain in section 3.2, our sketch of Si2H6 concentration as function of both temperature and residence 
time in Fig. 4 (right panel) illustrates that there is qualitative agreement between their results [8] and the findings we 
are presenting here. 

The maximum absolute outlet concentration of all measured gas intermediates is considerably reduced when the 
residence time is increased by increasing the effective reactor length from two zones to four zones (Fig. 3, left and 
right). In the case of disilane, the maximum concentration is reduced from about 1400 ppm at the shorter residence 
time to about 700 ppm at the longer residence time. For the other measured silanes, the increase in residence time 
causes a reduction in maximum outlet concentration of about 70 % - 85 %. The decrease in maximum outlet 
concentrations at longer residence time indicates that as residence time increases a larger fraction of the silicon 
atoms contained in the initially injected SiH4 has undergone reactions to form silicon hydrides with   9 (not 
measured here), also including silicon particles. The subtleties of how the concentrations of the higher order silanes 
change with different reactor conditions present an excellent target for chemical modelling, the focus of forthcoming 
work from our group. 

Fig. 4 illustrates how the outlet gas concentrations are affected by variations in residence time by showing outlet 
concentration of disilane as a function of temperature at two different residence times (left panel) and as a function 
of residence times at three different temperatures (central panel). That is to say, the data presented in the left and 
central panes of Fig. 4 are two different representations of the same, just plotted along two orthogonal axes: 
temperature and time. Disilane is a stable intermediate between the starting material, monosilane, and the ending 
material, solid silicon. Its concentration in the reactor exhaust, therefore, results from a balance between all the 
reaction rates that produce disilane and all those rates that consume it. If we take an Arrhenius perspective of the 
chemical reaction rates,  
 

,  (1) 

 
then the concentrations we measure are naturally variables of temperature  and time  via integration of the rate . 
Here,  is the activation energy of a particular reaction , and  is the universal gas constant. 
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Fig. 4. Left: Outlet concentration of disilane as function of temperature at two different residence times. Central: Outlet concentration of disilane 
as function of temperature at three different temperatures. Right: Sketch of disilane concentration as a function of reactor temperature and 
residence time. The portion of the graph corresponding to short residence times and high temperatures is faded out to indicate that region of the 
landscape is, as yet, unexplored. 

 
Although both increased temperature and longer residence times push the chemistry further through the reaction 

network, their effects on  of intermediates are different. Again, if we take an Arrhenius perspective of 
the , we expect this difference because the two variables appear in different ways: time from integration of the 
rate, and temperature from the rate itself. The curves shown in the left and central panes of Fig. 4, can be seen as 
parts of the surface describing outlet concentrations of disilane as functions of both reactor temperature and 
residence time. The shape of this surface, with decreasing peak temperature for longer residence times (left panel), 
lower maximum outlet concentration for longer residence times (left panel), and the appearance of both rising and 
falling concentrations with fixed temperature and increasing residence time (central panel) indicates the complexity 
of the dependence of the Si2H6 concentration on the two dimensions. The right panel of Fig. 4 shows a sketch of 
disilane concentration as a function of both temperature and residence time. The contour profiles are consistent with 
the measured data but are only to illustrate our point. While Fig. 4 only displays the concentration of disilane, the 
concentrations of other species show a similar pattern. The position of the global maximum and the gradient of the 
curve in both directions will differ depending on the species. The exact shape of such plots can, with further 
experimentation and modelling of the chemical reaction network, teach us about how to best control the chemistry 
that converts SiH4 into solid silicon.  

During our monosilane decomposition experiments, in which we scan the reactor temperature up and then down, 
we observed a slight hysteresis in the measured outlet concentrations of all the included silanes as function of 
temperature. The behavior of the hysteresis depends on reactor temperature and residence time as well as on number 
of silicon atoms in the measured silane species. The magnitude of the hysteresis does not affect the conclusions of 
the current work. Rather, the nuance allowed by our new measurement technique will allow us to ask more detailed 
questions in the future. Present experiments and current understanding make it difficult to know the source of this 
hysteresis, but we attempt to name some possibilities here. 

 Because of the high boiling points of large silicon hydrides, they can condense in the transmission line between 
the reactor and the GC-MS, which is held at a temperature of about 60 °C. Phase transition equilibrium reactions 
between condensed silanes in the transmission line and the reactor effluent flowing through the line will cause 
changes to the composition of the measured reactor effluent. The boiling points for SiH4, Si2H6 and Si3H8 are all 
below the boiling temperature of the transmission line [34]. However, trapping of these light silanes in heavier 
silicon hydrides might give raise to a hysteresis effect also for the lighter species. 

During reactor operation, aerosol particles and wall deposits are being formed.  Accumulation of particles with a 
porous surface structure can significantly increase the available surface area and thus the rates of heterogeneous 
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reactions. Reactor flow pattern and temperature distribution may also be altered by particle depositions. It is 
therefore not unlikely that the observed hysteresis effect is a result of particles building up in the reactor. Onischuk 
et al. [30] have earlier reported a dependence of reactor effluent composition on reactor operation time, and 
attributed the effect to accumulation of particles with a porous surface structure. 

4. Conclusion 

Our investigations of thermal decomposition of monosilane with varied temperature and residence time indicate 
that the maximum outlet concentrations of silicon hydrides shift to lower temperatures when the residence time is 
increased. The peak in outlet concentration as function of temperature, as well as its shift with residence time, is 
measured for silicon hydrides with up to nine silicon atoms. At one fixed residence time, the peak width decreases 
and the peak position shifts to higher temperatures with increasing number of silicon atoms contained in a silane 
species. 

Within the range of residence times that we have investigated, the maximum outlet concentration of silanes 
decreases with increasing residence time. However, as both temperature and residence time influence the 
concentration of gas intermediates, the measured outlet concentrations at a fixed temperature will increase with 
increasing residence time in some temperature regions and decrease with residence time in other temperature 
regions.  

In an Arrhenius perspective, the exhaust concentration of each silane is a function both of temperature via the 
rates of all reactions in which each silane is produced and consumed, and of residence time via the integration of 
these rates. Theoretically decoupling the effects of the two dimensions is challenging. Our investigation is a starting 
point to empirically map outlet concentrations of the higher silanes as surfaces in the three dimensional space of 
temperature, residence time and concentration. Knowing the shape of these surfaces – which is different for each 
species in the reaction network – can, with further experimentation and modelling of the chemical reaction network, 
teach us about how to best control the chemistry that converts SiH4 into solid silicon. With this perspective in hand, 
the PV community can reap the benefits from continued improvement in the silicon-production process. 
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a b s t r a c t

There is a deficit of ways to detect higher order silane isomers during silane pyrolysis. Thus, a novel
instrument utilizing gas chromatography-mass spectrometry (GC-MS) for detection of higher order
silanes has been developed. The instrument enables us to separate higher order silane species using
gas chromatography before they are introduced to the mass spectrometer, thereby obtaining spectra of
separate isomers, rather than overlaid spectra. In this contribution we describe the details of the
GC-MS system. We compare our GC-separated mass spectra of mono-, di- and trisilane to mass spectra
of these species available in the literature. Further, we present mass spectra of the tetrasilane isomers
n-tetrasilane (n-Si4H10), silyltrisilane (i-Si4H10) and cyclotetrasilane (cyclo-Si4H8) and of the pentasilane
isomers n-pentasilane (n-Si5H12), silyltetrasilane (i-Si5H12) disilyltrisilane (neo-Si5H12) and cyclopentasi-
lane (cyclo-Si5H10). Six of these mass spectra are previously unpublished. Based on the fragmentation
pattern in the tetra- and pentasilane mass spectra, we are able to acquire mass spectra of silanes with
up to eight silicon atoms. Finally, we apply the novel detection technique to a silane pyrolysis reactor
to track the outlet concentration of higher order silanes as function of reactor temperature. We believe
that the detection technique that we present here may open the door for validation of monosilane
pyrolysis models, and thus constitute a roadmap for future research in this field.
� 2018 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. Pyrolysis of SiH4 in solar silicon industry

Its market share of above 90% [1] makes crystalline silicon the
dominating material in the photovoltaic industry. Silicon further
plays an important role in the semiconductor industry and in the
battery industry because of its promising characteristics as anode
material in Li-ion batteries [2]. More than 80% of the polysilicon
consumed by the solar industry is produced by thermal decompo-
sition of trichlorosilane (SiHCl3) [1]. This process, normally carried
out in a Siemens reactor, constitutes an expensive and energy
demanding step in the production of polysilicon. A recent study
[3] indicates that reducing the energy consumption for solar grade
silicon production by 15–17 kWh/kg-Si gives – in a CO2 emission
perspective – the same result as a 1% increase in the baseline effi-
ciency for mono- and multicrystalline Si PV modules. Developing
procedures to produce solar cells at lower energy consumption is
therefore essential for reducing their energy payback time [3].
One way of reducing the overall energy consumption during solar

cell production is by replacing the Siemens process (pyrolysis of
trichlorosilane) by pyrolysis of gaseous monosilane [3].

Pyrolysis of gaseous monosilane (R1) converts it to solid silicon
and gaseous hydrogen through the following overall reaction:

SiH4 (g) !2H2 (g) + Si(s) ðR1Þ
The reaction can be carried out, for example, in a fluidized bed

reactor (FBR), as is already done on industrial scale [4], or in cen-
trifugal chemical vapor deposition (C-CVD) reactor currently being
developed for industrial scale [5]. Despite their proven capability of
producing polysilicon with significantly lower energy demand than
the Siemens reactor [3,6,7], these monosilane based reactor tech-
nologies encounter limitations related to dust formation during
the monosilane pyrolysis process [6–8]. Dust (fines) is formed
when reactant gas molecules decompose homogeneously (in the
gas phase), rather than heterogeneously (on a surface) [9,10]. Fines
formation constitutes a competing chemical pathway to the
desired solid silicon production and therefore causes a reduced
chemical yield [8,11]. Moreover, fines formation leads to chal-
lenges with reactor clogging [12] and reduced material quality
[11]. Overcoming these challenges requires understanding of the
chemical complexity hidden underneath the overall chemical
reaction (R1).
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A variety of studies, experimental [see e.g. 13–20] and by mod-
elling [see e.g. 13,16, 20–27], have been conducted to broaden the
understanding of the monosilane pyrolysis. It is commonly
accepted that the pyrolysis occurs through a series of chemical
reactions, including SiASi bond formation and hydrogen elimina-
tion, producing silanes with increasing number of Si atoms
[13,20,22,23,28,29]. Additionally, 1,2-hydrogen shifts, ring opening
and ring closing lead to interconversion between different isomers
within each silane family [22,23,30,31]. Many of the kinetic models
of the monosilane pyrolysis process have an impressive degree of
detail, some of which include hundreds of species with up to 10
Si atoms and more than one thousand chemical reactions [16,21–
23,27]. The experimental works in the field, on the other hand,
have a much lower degree of detail. These works are typically lim-
ited to measurements of silanes with no more than three or four
silicon atoms and have a lack of differentiation between isomers
[13,14,20,32]. Some experimental works include measurements
of particle properties, like size distribution [13,15,16,33] and
hydrogen content [13,15]. Because of the complex nature of the
monosilane pyrolysis process, it is challenging to use these mea-
sures for verification of kinetic silane pyrolysis models. There are,
in other words, few available methods for validating silane pyroly-
sis models. Therefore, despite the numerous works treating
monosilane pyrolysis, a detailed understanding of the chemical
complexity behind reaction (R1) remains elusive. This lack of
understanding inhibits development of new technologies required
to overcome the aforementioned challenges related to dust forma-
tion during monosilane pyrolysis. We seek to overcome these chal-
lenges by connecting chemical models and measurements of
monosilane transformation. The measurement technique that we
present in this contribution will help close the gap between model
end experiment by allowing measurements of separate higher
order silane isomers in monosilane pyrolysis exhaust and thus val-
idation of detailed models of monosilane pyrolysis.

1.2. Detection and characterization of higher order silanes

Because of the relevance of production, detection and charac-
terization of higher order silanes to solar silicon industry and other
chemical industries, many works have addressed these topics. The
electron ionization (EI) mass spectra of the two lowest silanes,
monosilane [34,35] and disilane [36,37] were published already
before 1970. Further, a method for producing higher order silanes
[38] as well as for separating them by gas chromatography (GC)
[39] have been demonstrated. In 1973 Féher et al. [40] briefly
described the 70 eV EI mass spectra of some higher order silane
isomers from trisilane to heptasilane, pointing out loss of SiH4 as
the main fragmentation mechanism. They did, however, not pub-
lish any species- or isomer-specific information. The same year,
Höfler and Jannach [41] described the mass spectrum of disilyl-
trisilane (neo-Si5H12). They reported a weak signal for the molecu-
lar ion at m/z 152 and mentioned SiH4-loss and successive H-loss
as important fragmentation mechanisms. The successive H-loss
leads to weak signals at all masses in intervals ranging from fully
saturated silane molecules to naked Si chains [41]. In 1975, Hengge
and Bauer published the mass spectrum of cyclopentasilane (cyclo-
Si5H10) [42], showing a much higher abundance of the molecular
ion (m/z 150) than in the case of disilyltrisilane (neo-Si5H12).
Weaker signals at m/z 151–155 were attributed to the heavier Si
isotopes (29Si and 30Si) and to deuterium. The further fragmenta-
tion mechanisms, with successive loss of SiH4 and H, were similar
to the one already described for disilyltrisilane (neo-Si5H12) [41].
Four years later, the cyclohexasilane mass spectrum was published
[43], with a very similar fragmentation mechanism as was
described for the five-membered ring. To the best of our knowl-
edge, mass spectra of higher order silane isomers other than those

mentioned here are so far unpublished. The knowledge of mass
spectra of higher order silane is, in other words, sparse, partly
due to inconsistent results [36,37,44] and partly due to the limited
number of studies which have been published.

Bogaert et al. [45] applied in 1986 gas chromatography (GC) for
detection of silanes with up to six silicon atoms in low-pressure
mono- and disilane pyrolysis reactor effluent. These authors quan-
tified the GC elutes with a thermal conductivity detector (TCD) by
assuming TCD-response factors of the silanes relative to monosi-
lane to be identical to those of alkanes relative to methane. Similar
measurement techniques were used by Slootman and Parent [14]
and by Odden et al. [20] also using GC combined with a TCD for
measuring concentrations of H2, SiH4, Si2H6 and Si3H8 during ther-
mal pyrolysis of SiH4 diluted in hydrogen. Further, quadrupole
mass spectrometry has been applied to detect higher order silanes
(with up to five silicon atoms) in the products of plasma-enhanced
deposition of amorphous silicon frommonosilane [46–49], in prod-
ucts of thermal decomposition of monosilane diluted in argon
[13,32,50], and in products of pyrolysis of disilane [44]. Vacuum
ultraviolet (VUV) photoionization combined with time of flight
(TOF) MS have been applied for measuring gas-phase products of
pyrolysis of SiH4 and Si2H6 [51–54], and it has proven capable of
detecting higher order silanes with up to ten silicon atoms
[52,53]. Tarzcay et al. [55] applied the same technique for detect-
ing higher order silanes during melting of low temperature (5.5–
300 K) SiH4 ices. For this application, the authors were able to
detect silanes with up to 19 silicon atoms [55].

The above described applications of mass spectrometry for
measuring pyrolysis products do not include separation of differ-
ent silane families and isomers prior to mass spectral characteriza-
tion. Consequently, the acquired mass spectral data is a
superposition of the mass spectra of numerous chemical species,
hindering precise identification of the species. Researches applying
gas chromatography, on the other hand, were able to separate spe-
cies and isomers but lacked an exact method for identification. In
the present contribution we show how gas chromatography and
mass spectrometry can be combined as a powerful tool to separate
and identify higher order silanes, allowing us to show resolved
mass spectra of separate silane isomers. We describe the working
principle of our GC-MS setup in detail. Further, we summarize pre-
vious findings regarding boiling points of higher order silane iso-
mers and combine this information with mass spectral
measurements to establish the spectra of seven separate tetra-
and pentasilane isomers. Last, we demonstrate the application of
our GC-MS measurement technique for tracking concentrations
of separate higher order silane isomers as a function of the condi-
tions in a silane pyrolysis reactor.

2. Experimental setup

Our GC-MS system consists of three main parts: a gas handling
and loading system, a gas chromatograph (Agilent 7890B GC) and a
mass spectrometer (Agilent 5977A MSD, subtype G7038). These
three parts are described in the following subsections.

2.1. Gas handling and loading system

The gas handling system, which transfers the gas samples from
the reactor to the GC-MS, is designed to accomplish two main
tasks. First, the chemical composition of the gas must be kept con-
stant all the way from the reactor to the GC-MS. Heated transfer
lines are required in order to prevent silanes from depositing at
the inner surface of the lines, because such deposition would alter
the composition of the reactor effluent. On the other hand,
heating the lines too much might result in chemical reactions
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taking place in the transfer line. A sampling line temperature of
60 �C is chosen as a compromise between these two conflicting cri-
teria. Second, for repeatable measurements, the injection pressure
to the GC-MS must stay constant, regardless of the reactor pres-
sure. Constant sampling pressure is ensured by an argon piston,
consisting of a coiled tube and four pneumatic valves, coupled in
series with the GC columns [56]. The argon piston is kept at the
same temperature as the sampling line. Fig. 1 explains how the
argon piston is used both for drawing sample gas from the reactor
(Fig. 1a) and for injecting it into the GC columns (Fig. 1b) [56].

2.2. Gas chromatographic system

The purpose of the gas chromatographic (GC) system is to sep-
arate the different chemical species in a sample before they reach
the mass spectrometer or other detectors. This separation allows
us to study the mass spectrum of one species at a time with little
interference from other species.

Fig. 2 shows how separation of the analyte gas is achieved by an
Agilent 7890B GC system, including four different GC columns. The
figure is somewhat simplified. A more detailed version is given in
the supplementary material [57]. The GC separation columns are
contained in an oven where the temperature can be set, thereby
controlling the elution times of the different species. The system
includes three detectors: a thermal conductivity detector [57],
TCDperm, for measuring the so-called permanent gasses; a second
thermal conductivity detector, TCDsilane, which we use to measure
SiH4 and Si2H6; and a quadrupole mass selective detector (MSD)
which we use to measure Si3H8 and larger silanes. By changing
the GC-MS measurement procedure, the allocation of gases to be
detected by the various detectors can be changed as desired. Using
TCDs for the detection of mono- and disilane protects the MSD
from the high concentrations of these species in our experiments.
The TCD is a simpler and more robust detector than the mass spec-
trometer and can more easily be replaced when degraded by
unwanted silane depositions within the detector system itself.

The main analytes of interest measured by TCDperm are H2, N2,
and Ar. The concentration of H2 is of interest because it is a product
in the overall silicon conversion (R1). Nitrogen is used as purge gas
in the GC, andmeasuring it gives an indication of inter-sample con-
tamination. Argon is used in the Ar piston sampling system (see
Section 2.1) and measuring Ar is therefore necessary to check for
un-wanted mixing of the forcing gas with the sample.

Samples are injected into the GC from a 500 ll sampling loop
(Purged High Performance Mini-Diaphragm Valve, 10 ports of
0.03000, Dursan coated, Valve V1 in Fig. 2) with He carrier gas. When
leaving the sampling loop, the gas is injected into a GS-CarbonPLOT
column (Porous Layer Outer Tubular column, part number
115-3113) from Agilent. After the permanent gasses elute from
the CarbonPLOT column, we backflush the silanes that remain in

the CarbonPLOT. The permanent gasses are further separated in a
HP-Molsieve column (Agilent, part number 19095P-MS0).

The two analytes of interest measured by TCDsilane are SiH4 and
Si2H6. A second 500 μl sampling loop (Purged High Performance
Mini-Diaphragm Valve, 6 ports, valve V2 in Fig. 2) injects onto a
split/splitless valve (SSL). This valve further injects onto a Select
Silanes column (Agilent, part number CP7435), which separates
the silanes. A Deans switch (Diaphragm Valve with Outboard
purge, 3 Ports) at the end of the Select Silanes column diverts
SiH4 and Si2H6, which elute from Select Silanes together under
our normal conditions, to a HP-PLOT/Q+PT column (Agilent part
number 19091P-QO4PT). After the HP-PLOT/Q+PT column, the
two species are well separated and detected by TCDsilane. Higher
order silanes are sent through a restrictor before they are detected
in the MSD.

2.3. Quadrupole mass spectral detector

The mass selective detector (MSD, type Agilent 5977A, subtype
G7038) is a standard quadrupole mass analyzer, with adjustable
electron ionization voltage. Under normal operation it is set up
for electron ionization (EI) at 70 eV ionization energy. The MSD
has unit mass resolution and a maximum possible mass range
extending from m/z 1.2 to m/z 700. We set the upper limit of the
mass range to m/z 240 for the current work. This upper mass limit
allows for detection of silanes with up to nine silicon atoms. Choos-
ing a higher value for maximum m/z will allow for detection of
even higher order silanes. However, the possibility of detecting
heavier compounds will come at the cost of reduced sensitivity
across the entire mass range, as the sensitivity is limited by the
dwell time at each m/z.

2.4. Calibration of GC-MS signals

We use three calibration standards from Matheson with known
concentrations of monosilane (SiH4), disilane (Si2H6), and trisilane
(Si3H8) (see supplementary material [57]) for calibration of these
three species. Helium is used as dilution gas. Silanes with more
than three silicon atoms nSi do appear in our measurements of
the calibration standards, but the concentrations of these species
in the standards are not known. Therefore, as of now we have no
direct means of quantifying the signals for species with nSi � 4,
since the detectors’ sensitivity can differ from one species to
another. Attempts to compare concentrations of various species
with nSi � 4 within one measurement by comparing signal intensity
is therefore beyond the scope of the current work. However, one
may compare the concentration of one species across various mea-
surements by comparing the signal intensity for that species in the
various measurements.

Fig. 1. Argon piston for constant sampling pressure. (a) Gas is drawn from the reactor into a reservoir coil by a Venturi pump. (b) Gas is pushed from reservoir coil to gas
chromatograph by pressurized argon.
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2.5. Silane pyrolysis reactor

The GC-MS setup can be connected to any silane pyrolysis reac-
tor to automatically sample the reactor exhaust. In the experi-
ments that we describe here, a horizontal free-space reactor
(FSR) with multiple heating zones was used to produce the higher
silanes. Briefly stated, mixtures of H2 and SiH4 flow through a
heated stainless steel tube with a 50 mm inner diameter in which
the pyrolysis takes place. Typical total flow rates are about 4 slm
(standard liter per minute), resulting in residence times about 1–
5 s, depending on the number of active heating zones. Further
details about the reactor can be found in our previous work [17].

3. Results & discussion

3.1. Boiling points of higher order silanes

We expect that the elution time of a silane from the GC column
Select Silanes (Section 2.2) correlates with its boiling point to some
degree. Among light hydrocarbon isomers with the same molecu-
lar structures as the silane isomers we are analyzing, the order of
the GC retention indices [58,59], correspond very well to the boil-
ing point order [60]. Therefore, when attempting to identify silanes
based on their gas chromatographic elution times, knowledge on
their boiling points is an important prerequisite. For silane isomers
– as opposed to hydrocarbon isomers – boiling points have not
been thoroughly addressed in the literature and are not frequently
tabulated. In Fig. 3 we have collated available boiling points at 1
atm of various higher order silane isomers and plotted them as
function of number of silicon atoms in the species. The numbers

are also tabulated in the supplementary material [57]. We believe
that this collection of data from literature is an indispensable tool
for interpreting GC-MS data.

Fig. 3 includes two boiling point values for cyclopentasilane
(cyclo-Si5H10), 173.3 �C reported by Günter [61] and 195 �C
reported by Hengge and Bauer [42]. Neither of these values is fre-
quently cited in the literature. Both boiling point values were
determined with similar methods: vapor pressures at various tem-
peratures were determined experimentally and the boiling points
were determined by extrapolation of the vapor pressure curves.
Günter [61] based his extrapolation on experimental values only
in the range 50–83 �C and assumed the logarithm of the vapor
pressure to be a linear function of 1/T in the temperature range
extending up to the boiling point, about 100 �C above his experi-
mental values. Hengge and Bauer [42], on the other hand, obtained
experimental values in the range 51–157 �C. These authors report
that the experimental values for the vapor pressure at high tem-
peratures deviate slightly from a simple linear function of 1/T.
Therefore, they use a more complex equation, previously applied
by other authors for mono-, di and trisilane [62,63], to fit their
experimental data. They report a very good agreement between
the fitted equation and their experimentally obtained values [42].
Because the vapor pressures reported by Hengge and Bauer are
measured far closer to the actual boiling point than those used
by Günter, we assume the extrapolation by Hengge and Bauer
[42] to be more trustworthy. Moreover, our observed elution time
for cyclopentasilane (see Fig. 7 and Section 3.4) also supports the
boiling temperature reported by Hengge and Bauer [42]. The boil-
ing point reported by Günter [61] is therefore put in brackets in
Fig. 3. Further, two slightly different values are assigned to
neo-Si5H12 in the literature [41,64]. Because there seems to be no

Fig. 2. Simplified drawing of the gas chromatographic system. Sample gas run through the vertical line and is injected when the two sampling loops V1 and V2 are rotated.
See text for further explanation of the working principles. A more detailed figure can be found in the supplementary material [57].
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consensus on which of the two is correct, and we find no reason to
trust one more than the other: they are both included in Fig. 3.

The boiling point of cyclopentasilane, as published by Hengge
and Bauer [42], is higher than the boiling points of both
iso-hexasilane and n-hexasilane, meaning that we expect
cyclopentasilane to elute after these two hexasilanes. Similarly,
cyclohexasilane has a higher boiling point than n-heptasilane,
meaning that we expect it to elute after this species. It is well
known from carbon chemistry that cyclic hydrocarbons have
higher boiling points [60] and higher GC retention indices [58]
than non-cyclic isomers with the same number of carbon atoms.

3.2. Mass spectra of silane oligomers: Mono-, di- and trisilane

We measure only one stable isomer in each of the three lowest
order silane families: mono-, di-, and trisilane. Therefore, the mass

spectra corresponding to these three species are easy to identify.
Fig. 4 shows the 70 eV EI mass spectra of these three species as
measured by our setup as well as 70 eV EI mass spectra of the same
species from the literature. For more detail on how our spectra and
their uncertainties are calculated, see supplementary material [57].
The literature spectra for monosilane and trisilane are taken from
the NIST WebBook [66], whereas that of disilane – which is
unavailable in that database – is taken from the newest available
publication including that spectrum [44].

3.2.1. Monosilane
Monosilane (Fig. 4a) has a nominal mass of 32 Da. The mass

spectrum has its base peak (highest peak) at m/z 30, indicating a
loss of two hydrogen atoms from the parent molecule. The peaks
at m/z 28, m/z 29 and especially m/z 31 are also relatively strong,
indicating that losses of four, three and one hydrogen atom(s) also

Fig. 3. Boiling points at 1 atm of various silane isomers, as found in the literature, plotted as function of numbers of Si atom nSi in the species. The data is taken from Landolt-
Börstein (1960) [63], Fehér et al. (1958) [65], Fehér et al. (1973) [40], Höfler and Jannach (1973) [41], Fehér and Freund (1973) [64], Hengge and Bauer (1975) [42], Günter
(1976)[61] and Hengge and Kovar (1979) [43]. The boiling point of cyclopentasilane (cyclo-Si5H10) reported by Günter [61] is put in brackets because we find it less
trustworthy than the boiling point reported by Hengge and Bauer [42] (see text).
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occur. The signal corresponding to the molecular ion (m/z 32) is
rather weak. The even weaker signal at m/z 33 and m/z 34 (not vis-
ible) are isotope peaks caused by the natural abundances of 29Si,
30Si and 2H. There is good agreement between our measured mass
spectrum and the mass spectrum from the literature [66] (Fig. 4a,
lower pane). For our measured mass spectrum, the standard devi-
ation for each m/z signal is within 4% of the signal strength for that
m/z value. The highest uncertainties are at m/z 28 and 29, where
molecular nitrogen interferes (via 14N and 15N). The other m/z val-
ues have standard deviations that are less than 1.3% of the signal
strength. Comparing the mass spectra of monosilane and methane
(CH4) [66], which is the analog of monosilane in carbon chemistry,
one notices that the methane has a much stronger molecular ion
signal, indicating less extensive fragmentation. This strong
tendency to fragment is a common feature for all the silanes, and
has previously been pointed out by several authors [see eg.
42,51,53,55].

3.2.2. Disilane
Disilane (Fig. 4b), with a nominal mass of 62 Da, has its mass

spectral base peak atm/z 60, indicating loss of two hydrogen atoms
from the parent molecule. Further, there are relatively strong

signals at all masses from m/z 56 to m/z 61 indicating loss of 1–6
hydrogen atoms from the parent molecule. As in monosilane, there
are also isotope peaks at m/z higher than the nominal mass caused
by naturally abundant silicon isotopes. Additionally, there is a
group of peaks at m/z 28–32, corresponding to loss of one silicon
atom and several hydrogen atoms. The loss of hydrogen atoms
leads to signals ranging from the m/z value corresponding to Sin
(a naked silicon atom or chain of silicon atoms) to the m/z value
corresponding to SinH(2n+2) (a fully saturated silane).

In the mass range corresponding to two silicon atoms (m/z 56–
62) our standard deviation for each m/z is below 2.5% of the signal
strength for that m/z. In the mass range corresponding to one sili-
con atom (m/z 28–32), the standard deviations are somewhat
higher, with a maximum of 10% of the signal strength. The
increased relative uncertainties are due to the low signal strength
in this mass range. Comparing our spectrum to the spectrum by
Simon et al. [44], which is the most recently published disilane
spectrum available in the literature (Fig. 4b, lower pane), we find
good agreement in the relative signal strength of masses corre-
sponding to one specific number of silicon atoms. When it comes
to the ratio between the group of signals corresponding to n = 1
(m/z 28–32) and the group corresponding to n = 2 (m/z 56–62),

Fig. 4. 70 eV electron ionization mass spectra of the three simplest silanes: (a) monosilane (SiH4), (b) disilane (Si2H6) and (c) trisilane (Si3H8) as measured by our setup (The
data in Fig. 4 is acquired with a slightly changed version of the GC-MS shown in Fig. 2. All detectors and GC columns are the same, only the configuration of the sampling
loops, the multiposition valve and the vacuum pump is changed.) (green) and as found in the literature[44,66] (black). The masses of the most abundant peaks are indicated.
The asterisk near the mass spectrum of trisilane from NIST WebBook [66], shows where we have shifted the signals at m/z 28–31 (originally m/z 27–30) one mass unit
upwards (see text). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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however, there is a relatively large discrepancy between our spec-
trum and the spectrum by Simon et al. [44]. This discrepancy sug-
gests a variation in the detector sensitivity as function of m/z.
Other EI mass spectra of disilane obtained at 67.5 eV [36] and 70
eV [37,44] available in the literature also show large discrepancies
among each other when it comes to the ratio of the signals at n = 1
and n = 2.

The mass spectrum of disilane has similarities to that of ethane
[66], the analog of disilane in carbon chemistry. Both in disilane
and in ethane the signals appear in groups corresponding to values
from Cn to CnH(2n+n). In ethane, however, there are fewer intense
m/z peaks, indicating less extensive fragmentation than in disilane.

3.2.3. Trisilane
The mass spectrum of trisilane (Fig. 4c) follows a similar pattern

to that of the two lower silanes: there are groups of signals at allm/
z values from Sin to SinH(2n+2) for n = [1,2,3], i.e. in the mass ranges
m/z 28–32, m/z 56–62 and m/z 84–92 (and at somewhat higher
masses due to the isotope peaks). Interestingly, the base peak
remains at m/z 60, indicating that loss of SiH4 (32 mass units) from
the parent molecule is an important loss mechanism. This loss
mechanism constitutes a difference to the carbon chemistry. In
the mass spectrum of propane [66], the carbon analog to trisilane,
the C2H5 signal is the most intense, indicating that loss of CH3

happens frequently.

In the mass range corresponding to three silicon atoms
(m/z 84–92), our standard deviation for each m/z signal is within
3% of the signal strength for that m/z value. In the mass range
corresponding to two silicon atoms (m/z 56–62) our standard
deviation for each m/z signal is within 5% of the signal strength
for that m/z value. In the mass range corresponding to one silicon
atom (m/z 28–32) our standard deviation for each m/z signal is
within 14% of the signal strength for that m/z value. As in disilane,
the increased relative uncertainties are due to the low signal
strength in this lowest mass range. There is generally good agree-
ment between our measured spectrum and the spectra available in
literature [66] within each mass segment and poorer agreement
when it comes to the ratio between segments corresponding to
different number of silicon atoms. As in the case of disilane the
poor agreement regarding the ratio between signal strength in seg-
ments corresponding to different number of silicon atoms suggests
a possible variation in detector sensitivity as function of m/z.

In the mass segment corresponding to one silicon atom, there is
a difference between the data from NIST WebBook [66] and our
data. In the spectrum from the Standard Reference Database of
NIST WebBook, there is a signal atm/z 27, whereas in our spectrum
there is no signal belowm/z 28. Considering that the lightest stable
silicon isotope (28Si) has an isotopic mass of 27.9769 Da, the signal
at m/z 27 in the NIST WebBook spectrum must be related to some
artefact. Comparison of our spectrum with the spectrum from
NISTWebBook suggests that all the signals in the mass segment

Fig. 5. 70 eV electron ionization mass spectra of three tetrasilane isomers. The masses of the most abundant peaks are indicated. We assume these species to be (a)
silyltrisilane (i–Si4H10), (b) n-tetrasilane (n-Si4H10) and (c) cyclotetrasilane (cyclo-Si4H8). These molecules are indicated by the drawings.
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corresponding to one silicon atom (m/z 27–30) in the spectrum in
NIST WebBook may have been un-deliberately shifted onem/z unit
downwards. Therefore, we have shifted those signals one mass unit
upwards to m/z 28–31 in Fig. 4c (lower pane).

3.3. Mass spectra of tetrasilanes

The two most abundant tetrasilane isomers are n-tetrasilane
(n-Si4H10) and silyltrisilane (i-Si4H10). Additionally, we expect
cyclotetrasilane (Si4H8), which is less strained and therefore more
stable than its carbon counterpart cyclobutane (C4H8) [67,68], to
be detectable in our mixed silane samples. As indicated in
Fig. 3, iso-tetrasilane has a slightly lower boiling point than
n-tetrasilane [40,65], indicating that iso-tetrasilane will elute off
the GC column before n-tetrasilane. The boiling point of
cyclotetrasilane is not available in the literature. Based on the
internal relation between the boiling points of pentasilane isomers,
hexasilane isomers and isomers of the corresponding hydrocar-
bons (see supplementary material [57]), we have reason to assume

that the boiling point of cyclotetrasilane is higher than those of the
non-cyclic tetrasilanes. With this assumption (and based on the
elution order which we present in Fig. 7 and discuss throughout
Section 3) we tentatively assign the 70 eV EI mass spectra of the
three tetrasilane isomers as shown in Fig. 5. To the best of our
knowledge, these are the first published isomer-resolved EI mass
spectra of the tetrasilanes.

The mass spectra of the tetrasilanes in Fig. 5 show a similar pat-
tern as the spectra for mono-, di- and trisilane. Signals appear for
m/z values in intervals ranging from Sin to SinH(2n+2) for n =
[1,2,3,4], i.e. in the mass ranges m/z 28–32, m/z 56–62, m/z 84–
92 and m/z 112–122. Additionally, there are isotope peaks with
m/z values up to three mass units higher than SinH(2n+2). The two
non-cyclic tetrasilanes (nominal mass 122 Da) have their base peak
is at m/z 90, indicating a loss of SiH4 is a frequent fragmentation
mechanism. The abundant peaks atm/z 58 in both spectra, indicate
that loss of two SiH4 units also happens frequently. Both these
spectra have only a weak signal at the mass corresponding to the
molecular ion (m/z 122). The cyclic tetrasilane (nominal mass

Fig. 6. 70 eV electron ionization mass spectra of four different pentasilane isomers. The masses of the most abundant peaks are indicated. The isomer from which we assume
each spectra to originate are (a) disilyltrisilane (neo-Si5H12), (b) silyltetrasilane (i-Si5H12), (c) n-pentasilane (n-Si5H12) and d) cyclopentasilane (cyclo-Si5H12). These molecules
are indicated by the drawings.
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120 Da), on the other hand, has a stronger molecular ion signal
(m/z 120) than its two non-cyclic counterparts. There is also a
strong peak at m/z 88, pointing at loss of a SiH4-unit as an important
fragmentation mechanism also in the cyclic species. Upon compar-
ison with the mass spectra of cyclic and non-cyclic butane [66], the
carbon analogs to cyclic and non-cyclic tetrasilane, one finds a
much higher abundance of the molecular ion in the mass spectrum
of cyclobutane than in the mass spectra of the non-cyclic butane
isomers [66]. Recognizing the same features in the mass spectra
of cyclic hydrocarbons and in one of the cyclic silanes, as we do
here for cyclotetrasilane (Si4H8), gives us guidelines for what to
expect regarding the mass spectra of the larger cyclic silanes.

3.4. Mass spectra of pentasilanes

We are able to detect four pentasilane isomers in our samples.
These are n–pentasilane (n-Si5H12), silyltetrasilane (i-Si5H12), disi-
lyltrisilane (neo-Si5H12) and cyclopentasilane (cyclo-Si5H10) (see
Fig. 6 for mass spectra and Fig. 7 for gas chromatogram). Because
we identify cyclotetrasilane (cyclo-Si4H8, Fig. 5c) among the
tetrasilanes, we might expect to see silylcyclotetrasilane among
the pentasilanes. In the present experiments, however, the con-
centration of this isomer is insufficient for us to identify its mass
spectrum. Silylcyclotetrasilane is therefore not included in our fur-
ther analyses in this contribution. Assuming that the four detected
isomers elute from the GC column in an order corresponding to
their boiling points (see Fig. 3 for boiling points and Fig. 7 for
gas chromatogram), we can assign their mass spectra as shown
in Fig. 6.

Also in the case of pentasilanes, we recognize the same frag-
mentation mechanisms as for the lower order silanes: loss of
SiH4-unit(s) leads to strong peaks at m/z 120 and m/z 88 for the
non-cyclic isomers. Moreover, loss of multiple hydrogen atoms
gives signals at all m/z values in intervals ranging from Sin to
SinH(2n+2) for n = [1–5]. As in the case of tetrasilanes, the spectra

of the cyclic species differ from the non-cyclic isomers by a more
prominent peak corresponding to the molecular ion (m/z 150),
and by a shift of two mass units for the other prominent peaks.
For the non-cyclic isomer, the molecular ion (m/z 152) signal is
small. Our mass spectrum of cyclopentasilane corresponds well
to that published by Hengge and Bauer [42] in 1975 regarding
relative signal strength within one Sin mass segment (masses cor-
responding to the same number of silicon atoms). When it comes
to the ratio among segments corresponding to different number
of silicon atoms, the agreement is rather poor. As discussed in
Section 3.2, a possible source could be variation in the respective
sensitivities of the detectors as function of m/z.

Cyclopentasilane (cyclo-Si5H10) elutes after the other pentasi-
lanes and several of the hexasilanes (see chromatogram in
Fig. 7). The late elution of cyclopentasilane compared to other spe-
cies corroborates our suggestion in Section 3.1 of 195 �C (as
reported by Hengge and Bauer [42]) rather than 173.3 �C (as
reported by Günter [61]) being a trustworthy value for the boiling
point of cyclopentasilane (see Fig. 3).

3.5. Considerations on fragmentation mechanisms

The mass spectra of the three non-cyclic pentasilane isomers
shown in Fig. 6 have very similar features, indicating that these
species have very similar ways of fragmenting. The same holds true
for the two non-cyclic tetrasilane isomers shown in Fig. 5. The sim-
ilarity of the mass spectra of separate isomers marks a difference to
hydrocarbons, whose various isomers have larger differences
between their mass spectral patterns [66]. Despite both Si and C
being group IV elements, the two elements carry several differ-
ences that can cause variations in the fragmentation behavior of
hydrocarbons and silanes. First, both SiASi bonds and HASi bonds
are significantly weaker than CAC and CAH bonds, which can lead
to more extensive fragmentation in silanes than in hydrocarbons.
Second, Si is more electropositive than H, whereas C is more

Fig. 7. Chromatograms showing the sum of the monitored ions as function of elution time for the same silane gas sample measured with TIC (total ion count) and SIM
(selected ion monitoring). Note the large difference in sensitivity. The labels show the species to which the chromatographic peaks are assigned (see text).
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electronegative than H. Therefore, SixHy has a stronger tendency to
form SiAHASi bridges than CxHy has to form CAHAC bridges.
George et al. [69] identified a hydrogen bridged trisilane cation
structure H3SiAHASiH2ASiH3

+ whose energy is only a few kJ/mol
higher than the classical trisilane cation SiH3ASiH2ASiH3

+. The
barrier between the two isomers is only 0.8 eV [69]. Tarczay and
co-authors [55] have therefore recently suggested that the frag-
mentation of silanes during vacuum ultra-violet (VUV) photoion-
ization goes via the hydrogen bridged structure. The amount of
energy supplied by an incoming photon during VUV photoioniza-
tion in their experiments (10.49 eV) is more than 1 eV higher than
typical ionization energies for higher silanes (8.8–9.2 eV)[70]. It is
therefore very likely that the classical trisilane ion can isomerize
into the hydrogen bridged structure, and similarly that any higher
order silane SinH2n+2 can also isomerize into the corresponding
hydrogen bridged structure, which subsequently fragments
through elimination of SiH4 [55]. During electron ionization (EI),
the amount of energy supplied by each electron (70 eV) is much
higher than the typical photon energy used in VUV photoioniza-
tion. It is therefore possible that ions also in the case of EI isomer-
ize into the hydrogen bridged structure before they fragment
further by elimination of SiH4. The assumption that the fragmenta-
tion mechanism of all noncyclic isomers within one silane family
includes the same hydrogen bridged intermediate structure can
explain the similarity of the mass spectra of these isomers.

3.6. Detection of silanes with number of silicon atoms nSi >5

Silanes with number of silicon atoms nSi > 5 are mostly present
at very low concentrations in our samples. In a full ion scan
(TIC, total ion count) measurement in the MSD, the low signal to
noise ratio causes difficulties in detecting silanes at these low
concentrations. Detecting only a small selection of ions enhances
the signal to noise ratio by increasing the collection time for each
ion, thereby allowing for enhanced sensitivity to species at low
concentration. In order to develop a selected ion monitoring
(SIM) measurement, a priori knowledge of the mass spectral fea-
tures of the silanes is necessary. Resolved EI mass spectra of silanes
with number of silicon atoms nSi > 5 are mostly absent in the
literature (with cyclohexasilane [43], as far as we know, being
the only exception), so this knowledge is not readily available.

Assuming that the fragmentation pattern that we present
above for tri-, tetra- and pentasilanes holds true also for the
silanes with nSi > 5, we can deduce which masses will be abundant
for the higher silanes. Implementing these masses in a SIM mea-
surement method drastically increases the signal to noise ratio
and thus the sensitivity of our measurement. Fig. 7 illustrates
the increase in sensitivity by comparing the chromatogram of a
standard TIC measurement to that of a SIM measurement. The ions
selected for the SIM measurement are listed in the supplementary
material [57].

Fig. 8. 70 eV electron ionization mass spectra of three silanes, which we suggest are (a) a hexasilane (b) a heptasilane and (c) an octasilane. The masses of the most abundant
peaks are indicated.
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As seen by Fig. 7, several peaks appear after application of our
SIM measurement. By examining full ion scans at the retention
times corresponding to these peaks, they can be assigned to a
silane family. Fig. 8 shows three of these spectra, which we assume
to correspond to a hexasilane (182 Da), a heptasilane (212 Da) and
an octasilane (242 Da). We assign each mass spectrum to a silane
family primarily based on assuming loss of multiple SiH4-units
(m/z 32) from the parent molecule.

Our capability to assign with certainty isomers with nSi � 6 to
GC peaks is, however, limited by the way cyclic and non-cyclic spe-
cies fragment and by instrument sensitivity. As we observe for
cyclotetrasilane and cyclopentasilane, cyclic species have a weaker
tendency to fragment and therefore have stronger signals corre-
sponding to their parent molecular mass than the non-cyclic iso-
mers have. Thus, we assume a cyclic silane SinH2n to have a
strong signal at the m/z value corresponding to its parent mass Sin-
H2n. When a non-cyclic silane Si(n+1)H2(n+1)+2, originally containing
one Si atom more than the cyclic silane SinH2n, undergoes loss of
SiH4, it is left with SinH2n. Consequently, we expect a strong signal
at the m/z value corresponding to SinH2n also in this case. In the
non-cyclic silane we expect the signals in the mass range corre-
sponding to the full number of Si atoms (Si(n+1)) to be rather weak.
In many cases these signals are so weak that they are below or
barely above the detection limit in our MSD (see e.g. Fig. 8c).

For the reasons explained above, despite the difference in total
mass between the parent molecules SinH2n and Si(n+1)H2(n+1)+2, the
mass spectra of these two compounds will be rather similar. At the
present, we are therefore not capable of telling the difference
between the mass spectra of, e.g., a cyclic hexasilane (Si6H12) and
that of a non-cyclic heptasilane (Si7H16). The assignment of the
peaks and mass spectra of compounds with nSi � 6 in Figs. 7 and
8 are thus uncertain. Furthermore, for silanes with nSi � 6, the
number of isomers increases rapidly, making the assignment of
chromatographic peaks to specific species challenging. A detailed
description of the mass spectra of nSi � 6, and assignment of
spectra to specific isomers is out of scope for this work.

3.7. Application to silane reactor monitoring

We have previously shown [17] that our GC-MS technique can
be used for monitoring the presence of silanes from different
silane families as function of reactor conditions. With our
improved understanding of the mass spectra of separate isomers,
we are now able to track concentrations of separate isomers
rather than whole silane families. Fig. 9 illustrates how our mea-
surement method can be applied for measuring outlet concentra-
tions of separate higher order silane isomers as function of reactor
temperature in a silane pyrolysis reactor. The results shown are
for an inlet concentration of 10% SiH4 in H2. At this stage, we do
not have the tools for an exact calibration of the concentration
data (see Section 2.4). However, based on electron capture cross
sections for hydrocarbon isomers [71], we assume that species
with the same number nSi of silicon atoms have very similar elec-
tron capture cross sections and therefore similar MS response fac-
tors. With this assumption, Fig. 9 indicates that among the
pentasilane isomers, cyclic pentasilane is produced at the highest
concentration.

Our observation is in line with results by Wong et al. [27], who
have modelled silicon nanoparticle formation via automated
mechanism generation. At a simulated reactor temperature
750 �C and an initial concentration of 10% SiH4 in H2, these authors
report cyclopentasilane to be the most abundant pentasilane spe-
cies. Despite their and numerous other works including detailed
modelling of monosilane pyrolysis, there are few available meth-
ods for testing the modelled data. The good agreement between
our measurements of silane pyrolysis exhaust and previously
modelled data is therefore very promising. Aided by GC-MS mea-
surements of separate silane isomers described here, we will be
able to further compare modelled and experimental data, allowing
for tuning and improvements of chemical kinetics models of
monosilane pyrolysis. Developing these models is again crucial
for further improvements of monosilane based silicon reactor
technologies.

Fig. 9. Outlet concentrations (given in arbitrary units) of tetra- and pentasilane isomers as function of reactor temperature in a monosilane pyrolysis reactor. The lines are
guides to the eye.
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4. Conclusion

A novel instrument using gas chromatography-mass spectrom-
etry (GC-MS) for separation and detection of higher order silanes
has been demonstrated. The instrument enables us to acquire pre-
viously unpublished 70 eV EI mass spectra of separate isomers of
tetra- and pentasilane. Aided by collated information on boiling
points of the higher order silane species we are able to assign these
spectra to specific isomers. All the silane isomers that we have
studied show similar mass spectral features: for an isomer with
nSi silicon atoms, groups of signals appear at allm/z values in inter-
vals ranging from Sin to SinH(2n+2) (SinH2n for cyclic species), i.e.
from a naked chain of silicon atoms to a fully saturated silane,
for 1 < n < nSi. The strongest signals in the spectra indicate loss of
32, 64 or 96 mass units from the parent mass, pointing to loss of
one or more SiH4 units (32 Da) is an important fragmentation
mechanism. Mass spectra of different non-cyclic isomers with
the same number nSi of silicon atoms have very similar mass spec-
tra. These mass spectra are much more similar than the mass spec-
tra of corresponding hydrocarbon isomers with the same number
nC of carbon atoms. The similarity between the mass spectra of
the silane isomers can be explained by a hydrogen-bridged state
through which the fragmentation of all the isomers proceeds.

Application of our GC-MS system to track outlet concentration of
higher order silane isomers inmonosilane pyrolysis reactor exhaust
suggests that, among the pentasilane species, cyclopentasilane is
produced at the highest concentration during the pyrolysis. Our
measurement and interpretation corresponds well with modelled
data by Wong et al. [27]. Numerous contributions to the modelling
of monosilane pyrolysis have been published. There is, however, a
deficit of ways to detect higher order silane isomers during silane
pyrolysis. The novel GC-MS technique we present herein opens
the door for validation of monosilane pyrolysis models.
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Supplementary material 

A. GC-MS setup 

 

Figure S1: Detailed drawing of the gas chromatographic system. Sample gas runs through the vertical line and is injected 
when the two sampling loops V1 and V2 are rotated. See main text for further explanation of the working principles.  

B. Thermal conductivity detectors 
A TCD (thermal conductivity detector) works by comparing the thermal conductivity of two gas flows, of 
which one is pure carrier gas (the reference gas) and the other is carrier gas plus sample components 
(the column effluent). Our two TCDs (TCDsilane and TCDperm) both use helium as reference gas.  

The thermal conductivity of the gas is measured by a filament whose temperature is held constant by 
electric heating. The filament is hotter than the detector body. Alternate streams of reference gas and 
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column effluent passes over the filament, thus causing changes in the power it takes to keep the 
filament at constant temperature. The power difference is measured and recorded as the signal.  

C. Calibration of GC-MS system 
Our Agilent 5977A MSD is autotuned with perfluorotributylamine (PFTBA), which is a standard EI mode 
tuning compound. PFTBA fragments over a wide mass range, making it well-suited for calibration. When 
an autotune is performed, the ion source element voltages are set to optimize the abundance and the 
ratio of the fragment ions at m/z 69, m/z 219 and m/z 502. Additionally, the mass axis is adjusted for 
correct mass assignment. 

Calibration of silane concentrations is achieved by three calibration standards as supplied by Matheson 
(see Section 2.4 in main text). The concentrations of mono-, di-, and trisilane in the calibration standards 
are listed below.  

Table S1: List of concentrations in calibration standards. 

 
Calibration standard concentration [ppm] 

 Low Medium High 
Monosilane 1010 5012 20000 
Disilane  101 968 2005 
Trisilane 19.9 101 995 
 

D. Boiling points  
Table S2: Boiling points of silanes, as reported in the literature. See graphic representation in Figure 3 (main text). 

 Species   Boiling point [°C]   Reference 
 SiH4 -111 .19  Landolt-Börnstein, 1960 [63] 
 Si2H6 -14 .2  Landolt-Börnstein, 1960 [63] 
 Si3H8 53   Landolt-Börnstein, 1960 [63] 
 i-Si4H10  101 .7  Fehér et al., 1973 [40] 
 n-Si4H10 108 .1  Fehér et al., 1958 [65] 
 n-Si5H12 153 .2  Fehér et al., 1973 [40] 
 neo-Si5H12 130   Höfler and Jannach,1973 [41] 
 neo-Si5H12 134 .3  Fehér and Freund, 1973 [64] 
 i-Si5H12 146 .2  Fehér et al., 1973 [40] 
 cyclo-Si5H10 195   Hengge and Bauer, 1975 [42] 
 cyclo-Si5H10 173 .3  Günter, 1976 [61] 
 i-Si6H14 185 .2  Fehér et al., 1973 [40] 
 n-Si6H14 193 .6  Fehér et al., 1973 [40] 
 cyclo-Si6H12 226    Hengge and Kovar, 1979 [43] 
 n-Si7H16 226 .8  Fehér et al., 1973 [40] 
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Table S3: Boiling point of species in the C4 hydrocarbon family.  

Species Boiling point [°C] Reference 
cyclo-C4H8 11.85 Nist Gov Chemistry Webbook [60] 
n-C4H10 0.85 Nist Gov Chemistry Webbook [60] 
iso-C4H10 -10.15 Nist Gov Chemistry Webbook [60] 
 

E. Calculation of mass spectra and standard deviations from raw data  
The mass spectra displayed in Figure 4, Figure 5, Figure 6 and Figure 8 in the main text are obtained 
from i separate GCMS injections, based on the following operations: 

1) From each injection i, spectra for each species j of interest are obtained as the median of three 
m/z scans that are visually observed to be close to the maximum of the GC peak corresponding 
to that species. This operation gives i j spectra from which background noise needs to be 
subtracted. 

2) For each combination of i and j two background spectra are constructed. These are constructed 
as the median of 12 m/z scans before and 12 m/z scans after the GC peak, respectively.  

3) The mean of these two background spectra are subtracted from the corresponding spectrum i,j. 
This operation leads to i j spectra from which the background is subtracted. 

4) For each species j the mean of the i spectra is calculated. This operation gives j mean spectra. 
5) Each of the j mean spectra is normalized to the highest signal within that spectrum. 
6) The standard deviations are found based on the i j spectra described in point 3:  

o Each of these spectra is normalized to its own highest value.  
o Uncertainties are found for each m/z in each species j as the standard deviations 

between the values for that m/z in each of the i normalized spectra. 
 
The spectra we report for mono, di and trisilane (Figure 4, main text) are based on i = 6 separate 
injections. The spectra we report for the higher order silanes (Figure 5, Figure 6 and Figure 8, main text) 
are based on i = 7 separate injections. 
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F. Collected mass spectra 

 

Figure S2: Overview of all our collected mass spectra. These spectra are also shown in Figure 4, Figure 5, Figure 6 and Figure 8 
in the main text. The labels Si6, Si7 and Si8 in the three latter spectra indicate the number of silicon atoms that we suggest are 
in the species from which these spectra originate. These numbers as well as the assignment of these three spectra to specific 

isomers are, as of now, uncertain. 
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G. List of abundant masses/list of detected masses 
Table S4: Nominal masses of fragments that are assumed to be abundant for various silane polymers. Masses included in our 
SIM measurement are highlighted in red. 

Number of Si atoms  → 1 2 3 4 5 6 7 8 
Nominal mass of 
saturated silane   

→ 
32 62 92 122 152 182 212 242 

Nominal mass of fragment after loss of n SiH4 units  

n =   

1 0 30 60 90 120 150 180 210 
2     28 58 88 118 148 178 
3       26 56 86 116 146 
4         24 54 84 114 
5           22 52 82 
6             20 50 
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Abstract 
We develop and demonstrate an advanced combination of gas chromatography and 
mass spectrometry (GC-MS) for detection of higher order silanes. In a recent 
contribution we have successfully identified the three tetrasilane isomers n-tetrasilane 
(n-Si4H10), silyltrisilane (i-Si4H10) and cyclotetrasilane (cyclo-Si4H8), as well as the four 
pentasilane isomers n-pentasilane (n-Si5H12), silyltetrasilane (i-Si5H12) disilyltrisilane 
(neo-Si5H12) and cyclopentasilane (cyclo-Si5H10) using our system. We further 
presented the mass spectra of these species. In this contribution, we introduce 
optimizations of the GC-MS setup that enhances measurement sensitivity, especially for 
silanes with high boiling points. We combine the GC-MC setup with our novel millilitre 
per minute flow scale reactor – Milly – with excellent temperature, pressure and flow 
control. Subsequently, we determine the relation between boiling point and retention 
time of higher order silanes, and finally use this relation to identify the two hexasilane 
isomers cyclohexasilane (cyclo-Si6H12) and 2-silylpentasilane and/or 3-silylpentasilane.  

Introduction 

Pyrolysis of SiH4 in solar silicon industry 
Reducing the energy consumption during production of polysilicon can significantly 
reduce the energy payback time of solar cells and modules. A recent study [1] indicates 
that reducing the energy consumption for solar grade silicon production by 15–17 
kWh/kg-Si gives – in a CO2 emission perspective – the same result as a 1 % increase in 
the baseline efficiency for mono- and multicrystalline silicon solar modules. In today’s 
solar cell industry, more than 80% of the consumed polysilicon is produced by the 
Siemens process [2], a relatively expensive and energy demanding  process in which 
gaseous trichlorosilane (TCS/SiHCl3) is converted to solid silicon by thermal 
decomposition (pyrolysis). The TCS-based Siemens process can be replaced by 
pyrolysis of monosilane (SiH4), which can be carried out, for example, in a fluidized 
bed reactor (FBR) or a centrifugal chemical vapor deposition (C-CVD) reactor. These 
monosilane-based reactor technologies have the proven capability to produce 
polysilicon with significantly lower energy use than the Siemens reactor [1], [3], [4]. 
These reactor technologies do, however, encounter challenges related to dust formation 
during the silane pyrolysis process [3]–[5]. When reactant gas molecules decompose 
homogeneously (in the gas phase), rather than heterogeneously (on a surface), dust 
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(fines) is formed instead of the desired solid silicon product [6], [7]. Fines formation is, 
in other words, a competing chemical pathway causing reduced overall chemical yield 
in the pyrolysis process [5], [8]. Fines formation does also lead to mechanical 
challenges, such as reactor clogging [9], as well as to reduced material quality [8]. 
Overcoming these challenges requires understanding of the chemical pathway through 
which the pyrolysis proceeds. 
 Pyrolysis of monosilane can schematically be described through the overall reaction 
(1) in which gaseous monosilane (SiH4) is converted to solid silicon and gaseous 
hydrogen: 
 )(2)( 24 sSiHgSiH         (1) 
   
 This overall reaction does, however, hide a lot of chemical complexity. There is a 
general consensus that the pyrolysis occurs through a network of chemical reactions 
including Si-Si bond formation and hydrogen elimination, producing silanes with 
increasing number of silicon atoms [10]–[15]. Within one silane family, 1,2-hydrogen 
shifts (rearrangement in which a hydrogen atom moves from one silicon atom to 
another) and ring opening and closing reactions lead to interconversion between 
different isomers [10], [11], [16], [17].  
  Many kinetic models of the monosilane pyrolysis process have an impressive degree 
of detail. Some of these include hundreds of species with up to 10 silicon atoms and 
more than one thousand chemical reactions  [10], [11], [18]–[20]. Experimental works 
in the field, on the other hand, are typically limited to measurements of silanes with no 
more than three or four silicon atoms, and have a lack of differentiation between 
isomers [12], [13], [21], [22]. There is, in other words, a mismatch between the degree 
of detail in the experimental and modelled works, and hence few available methods for 
validating detailed silane pyrolysis models. Therefore, even if several studies, 
experimental, as well as based on modelling, have been conducted on the topic of 
thermal pyrolysis, a lot of its chemical complexity remains hidden. 
 The GC-MS measurement technique that we apply and develop in this work 
contributes to enlighten this chemical complexity by allowing measurements of separate 
higher order silane isomers in monosilane pyrolysis exhaust. These isomer-resolved 
measurements enable validation of detailed models of monosilane pyrolysis.  
 In a recent publication [23], we demonstrated our GC-MS method and presented the 
mass spectra of mono-, di- and trisilane, as well as mass spectra of the tetrasilane 
isomers n-tetrasilane (n-Si4H10), silyltrisilane (i-Si4H10) and cyclotetrasilane (cyclo-
Si4H8) and of the pentasilane isomers n-pentasilane (n-Si5H12), silyltetrasilane (i-Si5H12) 
disilyltrisilane (neo-Si5H12) and cyclopentasilane (cyclo-Si5H10). Six of these mass 
spectra were previously unpublished. All these mass spectra are shown in Figure 1. For 
monosilane (SiH4), disilane (Si2H6) and trisilane (Si3H8), spectra from literature are 
shown for comparison. The literature spectra for monosilane and trisilane are taken 
from the NIST WebBook [24], whereas that of disilane – which is unavailable in that 
database – is taken from the newest available publication including that spectrum [25].  
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Figure 1: Reprinted from our previous work [23]. 70 eV electron ionization mass spectra 
of 10 silane isomers with number of silicon atoms ranging from 1 to 5. The masses of the 
most abundant peaks are indicated. In the three lowest order silanes (SiH4, Si2H6 and 
Si3H8), mass spectra measured by our setup (green) are compared to mass spectra 
appearing in the literature (black). For more detail on how our spectra and their 
uncertainties are calculated, see ref.[23]. 
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 Experimental setup 

GC-MS system 
The GC-MS system applied in this work consisting of gas chromatograph Agilent 
7890B GC and a mass spectrometer Agilent 5977A MSD (subtype G7038, quadrupole 
MS with electron ionization) is largely the same as the system already presented in ref. 
[23]. Readers are therefore referred to our previous work in ref. [23] for a thorough 
description of the setup. In the gas-chromatographic system, silane isomers are being 
separated in time, due to their differences in boiling points and, accordingly, also in 
their migration time through gas-chromatographic columns. Different isomers do 
therefore elute to the mass spectrometer at different times.  
 As a part of this work, some improvements are introduced to the gas handling and 
loading system, which is also an integrated part of the GC-MS setup. Most importantly, 
the temperature of the gas handling and loading system is elevated to about 120 °C (as 
opposed to 60 °C in the former setup). The elevated temperature provides increased 
sensitivity by preventing large, high-boiling silanes from condensing in the system 
before they reach the gas chromatographic columns. High temperature in the gas 
handling system is facilitated by pneumatically controlled valves. The new pneumatic 
system allows the electronic parts, by which valves in the gas inlet system are 
controlled, to be placed separately from the valves themselves: the valves are placed in 
a tailor-made oven, heated to 120 °C, whereas the electronics, having a lower 
temperature tolerance, are placed outside the oven. The so-called Argon Piston, 
presented in ref. [23], is in the new GC-MS setup replaced by a smaller inert sampling 
coil built into the heated oven, securing that the temperature also in this part is kept at 
120 °C. 

Silane pyrolysis reactor - Milly 
Our GC-MS setup can be connected to any silane pyrolysis reactor to automatically 
sample the reactor exhaust. For the experiments described in this work, a horizontal 
silane pyrolysis reactor (see Figure 2 a and b) was used.  
 

 
Figure 2: Our novel millilitre-per-minute fow silane pyrolysis reactor - Milly. a) Simplified 
photo of the reactor. b) Schematic drawing of the reactor, including inlet zone, reaction 
zone and outlet zone. c) Measured temperature profile along reactor centreline. 
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 The reactor setup consists of a 124 cm long 1/4’’ stainless steel pipe with Swagelok 
fittings in both ends. The inner diameter of the tube is 3.85 mm. Process gases (SiH4, H2 
and Ar) are routed from a gas interface cabinet into the reactor in which the gas is 
heated, causing production of higher order silanes. The reactor exhaust is led to the 
GC-MS for analysis. The temperature of the transfer line from the reactor to the GC-MS 
is kept above 120 °C to prevent high boiling species from condensing at the tube walls. 
The reactor temperature and pressure as well as mixing ratio and flow rate of the 
process gases (SiH4/H2/Ar) are controlled by the reactor operator. For the experiment 
presented here we used a fixed pressure of 1.2 bar, a fixed temperature of 500 °C and a 
fixed flow of 0.095 slm Ar and 0.005 slm SiH4. 
 Figure 2c displays the temperature profile along the centerline of the reactor with the 
total gas flow and temperature settings used in the experiment. Due to the small reactor 
diameter and good insulation, we obtain a very stable reactor temperature with less than 
15 °C deviation among the highest and lowest temperatures in the reaction zone. 

Results and discussion 
Figure 3 shows a total ion chromatogram (TIC) of a typical GC-MS injection of silane 
pyrolysis exhaust. The chromatogram is acquired by scanning all masses from m/z 10 to 
m/z 300. The masses of some abundant polluting ions (m/z 18, 28, 32, 40, 44 
corresponding to H2O, N2, O2, Ar and CO2 respectively) are subtracted for an enhanced 
signal-to-noise ratio. The chromatogram includes peaks from isomers with number of 
silicon atoms nSi ≥ 3. The assignment of the chromatographic peaks in Figure 3 to silane 
isomers is partly based on the mass spectral signatures of those peaks (see Figure 1), but 
also on the assumption that the retention time of a silane isomer from the GC column 
correlates with its boiling point to some degree. Boiling points of silane isomers are not 
frequently tabulated and are generally substantially less thoroughly addressed in the 
literature than boiling points of hydrocarbons. In our previous work [23] the relevant 
boiling points available in the literature were collected and presented. 

 
Figure 3: Total ion chromatogram (TIC) of a typical GC-MS injection of silane pyrolysis 
exhaust. The masses of some abundant polluting ions (m/z 18, 28, 32, 40, 44 i.e. H2O, 
N2, O2, Ar and CO2 respectively) are subtracted for an enhanced signal-to-noise ratio.  
Peaks are identified based on their mass spectra (see Figure 1, labelled in black) and 
based on their boiling points (See Figure 4, labelled in orange). 
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 In Figure 4, retention times of the elutes shown in Figure 3 are plotted against the 
inverse boiling points of the corresponding species. Filled symbols indicate 
chromatographic peaks with corresponding silane isomers that we already identified in 
ref. [23]. Open symbols indicate chromatographic peaks and species that we identify 
herein. The boiling points of all the species are found in the literature [23], [26]–[32].  
 For two of the species included in Figure 4 (cyclo-Si5H10 and neo-Si5H12), there are 
two unequal boiling points reported in the literature. So far there is no general 
consensus on what the actual boiling points are. In these cases, we have therefore 
included both reported boiling point values in the figure. For cyclo-Si5H10 Hengge and 
Bauer [30] reported a boiling point of 195 °C, whereas Günter [31] reported 173.3 °C. 
As explained in ref. [23] we have reason to believe that the boiling point reported by 
Hengge and Bauer [30] is the more trustworthy. The boiling point reported by Günter 
[31] is therefore grey in Figure 4. As indicated by the dashed line in Figure 4, we 
observe a linear relation when plotting the logarithm of the retention time versus the 
inverse boiling point. The linear relation seems to hold true for all the known species 
(filled symbols). The origin of this linear behaviour is focus of current work. Note that 
the point reported by Günter [31] appears as an outlier in Figure 4, supporting our 
theory that the boiling point reported by Hengge and Bauer [30] is the more trustworthy 
of the two. For  disilyltrisilane (neo-Si5H12), boiling points of 130 °C (Höfler and 
Jannach [28]) and 134.3 °C (Fehér and Freund [29]) are reported. The linearity of our 
data (see also next paragraph) suggest that the first of the two (130 °C [28]) is the more 
trustworthy. The latter is therefore also indicated grey in Figure 4. 

 
Figure 4: Semilogarithmic plot of retention time versus inverse boiling points of several 
higher order silane isomers. Closed symbols correspond to previously identified 
chromatographic peaks/species. Open symbols correspond to chromatographic 
peaks/species that we identify in the present work. 
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Based on the remarkably clear linear relation between the logarithm of the retention 
time of the known species and their inverse boiling point temperature, we assume that a 
similar linearity holds true for all elutes. We are thereby able to tentatively assign also 
some of the so-far unknown species (open symbols) to chromatographic peaks in 
Figure 3. As seen by the good adherence to the line in Figure 3, our data suggest that we 
have one peak corresponding to cyclohexasilane (cyclo-Si6H12) and one peak 
corresponding to 2-silylpentasilane and/or 3-silylpentasilane. These peaks, which we 
have tentatively assigned based on Figure 4, are labelled in orange in Figure 3.  
 Interestingly, the boiling points of n-hexasilane (n-Si6H14) and n-heptasilane 
(n-Si7H16) [27] do not correspond to any of our chromatographic peaks, meaning that in 
the present experiment these species were not produced, or were produced at a 
concentration below our detection limit. The cyclic species cyclopentasilane and 
cyclohexasilane, on the other hand, have intense chromatographic peaks (see Figure 3), 
indicating that these species are produced at relatively high concentrations. This 
observation is in line with kinetic simulations by Wong et al. [19], who found 
cyclopentasilane to be the most abundant Si5 species during silicon nanoparticle 
formation. Several authors [11], [18], [33], [34] (and others) have stated that ring 
formation plays a key role in the formation of large hydrogenated silicon clusters. 
Elimination of silylene from cyclic species requires simultaneous breakage of two Si-Si 
bonds, and is therefore less likely than elimination of silylene from non-cyclic species 
[33]. Cyclopenta- and cyclohexasilane which, as opposed to the cyclic species with 
fewer silicon atoms, are entirely free of ring strain [35], are therefore likely to be 
produced at high concentrations. Our experimental results, indicating high 
concentrations of cyclic species, are in line with these theoretical considerations. 

Conclusion 
With recent optimizations of our unique gas chromatography-mass spectrometry 
(GC-MS) setup for separation and detection of higher order silanes, we are able to 
identify and measure the three tetrasilane isomers n-tetrasilane (n-Si4H10), silyltrisilane 
(i-Si4H10) and cyclotetrasilane (cyclo-Si4H8), as well as the four pentasilane isomers 
n-pentasilane (n-Si5H12), silyltetrasilane (i-Si5H12), disilyltrisilane (neo-Si5H12) and 
cyclopentasilane (cyclo-Si5H10) and finally the two hexasilane isomers cyclohexasilane 
(cyclo-Si6H12) and 2-silylpentasilane and/or 3-silylpentasilane. The hexasilane isomers, 
which we were previously not able to assign to chromatographic peaks, are now 
identified based on an observed linear relation between the logarithm of the retention 
time and inverse boiling point of a species.  
 Our GC-MS, with its proven capability of detecting separate higher order silane 
isomers is a unique tool for validation of monosilane pyrolysis models. Such models 
can enhance the understanding of the pyrolysis process and thus allow for optimization 
of monosilane based polysilicon reactor technologies. 
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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 temperature (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 formation gives 
indications as to which process parameter combinations promote the formation of cyclic silanes and which do not. 
 

Keywords: A1. Nucleation; A1. Higher order silanes; A2. Growth from vapor; A2. Fluidized bed reactor; A3. Chemical vapor 
deposition processes; A3. Polysilicon production processes. 

 

1. INTRODUCTION 
Photovoltaics is one of the fastest growing electricity 

sources globally, 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 preparation 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. 
Recent analyses [5] show that reducing the energy 
consumption for solar grade silicon production by 15–17 
kWh/kgSi is, in a CO2 emission perspective, equivalent to a 1% 
absolute increase in the energy conversion 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 9N-11N. 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 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 desired 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]). 
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Overcoming these challenges requires understanding of the 
chemical complexity 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 monosilane gas to solid silicon 
particles. Understanding the formation and disappearance of 
these intermediate species during the pyrolysis process can 
contribute to increased production yield and improved material 
quality. This understanding can enable further optimization of 
industrial 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 

conducted 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 experimental 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 
mechanism suggested by Hogness et al. [14] is too simple to 
properly describe monosilane pyrolysis. Nevertheless, their 
work made an important 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 trisilane 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 directly from five-membered silicon hydrides. As 
we have recently demonstrated [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 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 
coefficients 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. 

Vepřek 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 structures in the monosilane 
pyrolysis process [36]. This hypothesis, to which the results 
presented in our current contribution lend experimental 
support, has been built further upon by several newer 
modelling works. Swihart and Girshick [12,23] built on kinetic 
parameters determined by Ho et al. [41] and on the hypothesis 
about cyclic silanes proposed by Vepřek et al. [36]. In 1998 
these authors published a detailed 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 silylenes. Like Vepřek 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 important 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 monosilane 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 additivity to determine the Arrhenius parameters of the 
chemical reactions involved in monosilane pyrolysis.  
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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 experimental results for model validation are either 
missing or far less detailed than the modelled results. For 
example, the detailed models developed 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 monosilane 
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], particle size distribution and particle 
number concentration [49,50]. These particle-related 
parameters are the result of thousands of chemical 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 
experimental 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 techniques 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 (SiH2) 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 isomers of silanes with up to five 
silicon atoms using gas chromatography combined with mass 
spectrometry (GC-MS) [37]. Second, in the current 
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 reduced. Third, in the experiments that 
we present here, we are controlling 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 species. 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 

horizontal, 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 3.85 mm, giving a reactor volume of 
only 14.4 cm3. 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 insulation material (glass fiber, textile glass braiding 
and silicone foam tape).  

At the temperature settings we used, the absolute difference 
between the highest and the lowest temperature in the heated 
zone is about 40 °C, which at a setpoint of 500 °C constitutes a 
maximum deviation 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-fold1 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 seconds. We vary the monosilane 

 
 
1 k(500˚C)=Ae(-Ea⁄RT) = 13.6s-1e((-57.3kcal/mol)/((1.987∙10^3 kcal/mol∙K)∙773.15K)) =    

8.61∙10-16 s-1 

 

   k(540˚C)=Ae(-Ea⁄RT) = 13.6s-1e((-57.3kcal/mol)/((1.987∙10^3 kcal/mol∙K)∙813.15K)) = 
5.39∙10-15 s-1 
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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 
represents the maximum flow of the MFCs. For the flow range 
we investigated, 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 ±0.0175 bar. In the 
presented experiments, we kept the pressure constant at 
1.2 bar. At each combination of reactor temperature and 
monosilane inlet concentration we inject a sample of the 
reactor exhaust to the gas chromatograph-mass spectrometer 
(GC-MS, see section 3.2). The analysis time of a sample in the 
GC-MS is approximately 30 minutes. Therefore, the reactor is 
always allowed to stabilize for 30 minutes at each new setting 
before we sample to the GC-MS. 

Depending on the combination of reactor temperature and 
monosilane 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 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 procedure brings the reactor 
back to its initial state, such that new experiments 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 pneumatically controlled valves. Second, the 
injection method presented in ref. [37] 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 1.2 bar (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 molecules 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 (cyclo-Si6H12) 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 concentrations 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 
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Filter Pressure
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Fig. 1.  Sketch of the horizontal tubular free-space-reactor in which we conduct our silane pyrolysis experiments. 
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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 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 presenting 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 
measurements 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 

concentrated calibration standard, taken over the same period 
as the measurements presented in this paper, we estimate 
uncertainties (empirical 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 monosilane, below 
1.5% for disilane and below 10% for trisilane. These values 
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 deviation 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 cm3 (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 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 monosilane pyrolysis at different reactor temperatures. 
The left panes of the figure show absolute outlet 
concentrations of monosilane, disilane and trisilane plotted 
with a linear axis. The right panes show uncalibrated signals 
for various higher order silane isomers plotted with a 
logarithmic axis. Trisilane is included in both panes for clarity 
and comparison. 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 
concentrations 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. 
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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 representative 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). 
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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 assume that species with the same number of 
silicon atoms have very similar electron capture cross sections 
and therefore similar MS response 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 example, 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 MFCs. 
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 uncertainty 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 temperature. 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 concentration 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-Si6H12) signal is growing faster with 
monosilane inlet concentration than the signals of most of the 
other species. The cyclopentasilane (cyclo-Si5H10) 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-Si4H8) signal. This signal first increases 
relatively quickly with inlet concentration and then flattens out 
at higher inlet concentrations. The special behavior of the 
cyclic higher order silanes is further discussed in sections 5.1 
and 5.4.  

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 silanes during monosilane pyrolysis varies both with 
inlet concentration and temperature. To further investigate the 
effect of reactor temperature 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 
reaction chemistry, scanning along the temperature dimension 
does not necessarily give the exact same result as scanning 
along the concentration 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 concentrations of 
mono-, di-, and trisilane, and the right panes show uncalibrated 
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 concentration 
(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 results reported by 
others [17,18,56].  
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Fig. 3.  Outlet concentrations of various silanes as functions of temperature. Left panes) Absolute output concentrations of mono, di and trisilane. Right panes) 
Uncalibrated signals for trisilane and higher order silane isomers. Both panes are plotted as function of reactor temperatures, at monosilane inlet concentrations 
of 10% (upper panes) and 20% (lower panes). The grey lines in the left panes show equal inlet and outlet monosilane concentrations; deviation of the dark-green 
line from the grey line indicates the extent of reaction. 
 

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 pentasilanes 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 unknown (see section 3.2). We can therefore not conclude 
that the concentration 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. 

At the highest temperatures we measure (>520 ˚C), the 
decrease in outlet concentration with temperature is more 
pronounced for cyclopentasilane than for the other 
pentasilanes. Similarly, the decrease in outlet concentration 
with temperature is more pronounced for cyclohexasilane 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 section 
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 include the 
reactor geometry itself, flow rates, choice of diluent gas, and 
the presence of silicon particles. These parameters span a 
multi-dimensional 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 concentration 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 
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contributions [31] we studied how temperature and residence 
time together influence the formation 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 
concentrations 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 temperature 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 arbitrary 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 concentration 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 
concentrations than those we report here might be attained at 
the reactor 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 reactions 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 we measure the highest signal 
either at 480 ˚C and 50% monosilane inlet concentration, or at 
470 ˚C and 70% monosilane inlet concentration. 
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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. 
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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. 
 

The cyclic silanes follow a different pattern. Cyclopenta- 
and cyclohexasilane 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% monosilane 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 decomposes. Relatively high concentrations of cyclic 
species can therefore build up even at low monosilane inlet 
concentrations. The high temperature 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 dependent on the rates of several intermediate 
steps, each of which depend 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 extensive 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 

combination at which it happens are not a main result of our 
research. Rather, it should be considered an unwanted side 
effect of our experimentation. 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 
increased. 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 
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do not know the cause of this deviation from the normal trend 
with the system clogging at lower concentration 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 clogging 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. 

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 concentrations 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 to 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 temperatures (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. Vepřek 
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 observe nucleation during silane 
glow discharge at varied current densities. 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 pyrolysis by analyzing monosilane pyrolysis both 
with kinetic and thermodynamic simulations. Although the 
overall thermodynamic equilibrium 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 conditions, 
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 observe at this temperature. The fact 
that we at 450 ˚C were able to increase the monosilane inlet 
concentration to 100% without observing reactor clogging (see 
sections 4.1) supports the theory that some reaction 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 experimental 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 counterparts [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 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 qualitative 
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 eliminated from cyclic species [23,36]. 
Hydrogen elimination will leave a reactive site which can 
easily react with e.g. silylene [36]. Cyclic species can thus 
relatively easily grow further into larger three-dimensional 
species [23,36] forming the basis for particle formation. 
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Vepřek et al.[36] have reported a sudden decrease in the 
concentration of higher order silanes at the onset of particle 
formation in their experiments, similar to what we observe in 
our data. These authors 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 Vepřek et al.[36] and to differentiate 
between various isomers. We can thus add nuance to their 
statement by suggesting 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 results 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 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, 
multidimensional parameter space of which we have only 
explored two dimensions 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 formation 
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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Appendix A:    Pyrovizer 

In this appendix, I outline how our data handling and plotting tool Pyrovizer works, what 
input it takes and what output it gives. This appendix is intended as a guideline for colleagues 
who will continue working with the GC-MS infrastructure and thus hopefully will continue to 
use and develop Pyrovizer.  

A.1.  Input 

LLists of integrated peaks 

The Agilent Software installed on the GC-MS computer can write files containing lists of gas 
chromatographic peaks detected in a measurement, along with peak details like elution time, 
peak height, peak width and peak area (see also section 7.6.2). 

Each measurement that shall be included in the Pyrovizer library requires three such lists as 
input files. Two of the lists are based on data from the MSD (see section 7.2.4) and one list is 
based on data from TCDsilane (see sections 7.2.3 and 7.2.5). Among the two lists based on data 
from the MSD, one list is the sum of the integrals of all m/z values included in the measurement. 
The other is the sum of the integral of all m/z values except m/z 60. The former of the two is used 
to quantify all silanes with four or more silicon atoms. Since trisilane would cause saturation in 
the signal corresponding to m/z 60 (see section 7.2.6), the latter file is used to quantify the 
trisilane signal. The list based on data from TCDsilane is used to quantify the signals for 
monosilane and disilane. All these lists are produced, semi-automatically, by the user, aided by 
the Agilent software in the GC-MS computer.

Pyrovizer needs to know the experimental conditions under which each measurement was 
acquired. Therefore, certain keywords (property names) and their corresponding values (property 
value) defining these conditions are required input to the header of each list. Since the Agilent 
program in the GC-MS computer (which is writing the input files) doesn’t know about the 
experimental conditions in Milly, the user must manually write the correct property values in one 
of the three input files for each measurement. Pyrovizer reads these values and applies them to 
all three input files for each measurement. Table 6 gives a list of the property names we are 
using, as well as example property values and explanations to each property. 
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Table 6: List of properties (property names and example property values) that needs to be listed in the header of each injection 
list that is to be included in the Pyrovizer library. 

Property name Property value 

(example) 

Comment/Explanation 

SiH4Conc 30 SiH4 inlet concentration (%)  

ArConc 0 Argon inlet concentration (%) 

H2Conc 70 H2 inlet concentration (%) 

tau 2.5 Residence time, assuming that tau×flow = 250 (s) 

Temp 480 Set temperature (°C) 

Date 20181205 Date of experiment (format: yyyymmdd) 

Proj 1 Project: 

1: PhD Wyller (WP1)/PhD Anjitha 

2: Liquid Silanes 

0: Calibration injection (not a project) 

Rel 5 Reliability, on a scale from 1 (lowest) to 5 (highest) for injections from Milly, or from 6 (lowest) to 
10 (highest) for calibration injections. 

LList of elution times  

Pyrovizer needs to know what species or – more correctly – what chromatographic peaks to 
look for. The user must therefore supply a list of elution times at which we assume the species of 
interest to elute. If column temperatures and column lengths in the GC-MS are unchanged, the 
elution time of a species will stay unchanged. The list of elution times is therefor only changed if 
these properties are changed or if it is desired to add or remove species from the analysis. If, for 
example, the trio of Milly, the GC-MS and the Pyrovizer shall be used for exploring co-pyrolysis 
of monosilane with other gases, we will produce new chemical species which are now un-known 
to Pyrovizer. These species and their elution times will have to be added to the elution time list. 

After the re-build of the GC-MS (see section 7.2.1), the lengths of some of the GC columns 
were changed. The input list does therefore have two columns for elution times, one for 
measurements done before and one for measurements done after this re-build. Pyrovizer 
automatically chooses the right value, based on the property “Date” given in the header of each 
injection (see previous subsections). The elution time list does further contain species names 
corresponding to each chromatographic peak (if known) as well as details specifying how the 
data of that species shall be plotted (whether or not to include species in plot, line color, line 
specification, marker type etc). These properties can be changed as desired by the user. 

Other user given input 

The user running Pyrovizer must further define what experimental data shall be plotted and 
how he or she wants to visualize at the data. The user can, for example, define that she wants to 
plot all injections taken between 2018.09.17 and 2019.01.23, that has 20% monosilane 
concentration, residence time equal to 2.5 seconds and temperatures in the range from 450˚C to 
530 ˚C. She must further define if she wants, for example, a plot with absolute count of each 
species, a plot in which species concentration is normalized to silane inlet concentration, or a 



 

 

plot within which each of the signals (that we have calibrants for) are calibrated to absolute 
values. Last, she needs to define what the selected data shall be plotted as function of. In this 
example case, the most reasonable thing to do would be to plot the data as function of 
temperature. She could also have chosen to include more data and plot it in a 2D-plot as function 
of, for example, temperature and concentration. 

A.2. Operations 

As soon as all necessary files are provided and necessary definition is given, Pyrovizer runs 
on its own. 

RReading input data 

First, Pyrovizer reads all the lists with integrated peaks (see section A.1) and stores them in 
three separate structures. These structures can be regarded as Pyrovizer’s library. One structure 
is for the data that includes all m/z values, one is for the data that includes all m/z values except 
m/z 60 and one for the data from TCDsilane (see section 7.2.5). In each structure, there is one entry 
for each measurement that is included in the library. In each structure, there is further one field 
for the name of the injection and one field for the data related to it. Second, Pyrovizer reads all 
the property names and property values given in the header of each injection file. These are 
stored in separate fields of the structure, such that each entry has “tags” listing all the properties 
of that entry in the structure. Third, Pyrovizer reads the elution times given in the elution time 
list. These are stored in two separate vectors: one vector for the species that elute to the MSD 
and one vector for the species that elute to TCDsilane. 

Picking out relevant injections and peaks 

Pyrovizer is now ready to pick out the relevant data from its library. First, it’s necessary to 
pick out the relevant measurements or entries in the library. This is done based on the criteria 
(dates, silane inlet concentration, temperature, residence time etc) that was given by the user (see 
section A.1) and the property values that are stored as “tags” to each entry in Pyrovizer’s library. 
Pyrovizer goes through all the entries in the library and picks out those that match all the given 
criteria. The entries that match are marked by a logical operator saying that these shall be 
included in further calculations. 

Second, for all entries that match the criteria, Pyrovizer needs to pick out the relevant peaks or 
species. This is done based on the elution times that were given in the elution time list (see 
section A.1). For each entry that is marked as matching the given criteria, Pyrovizer goes through 
the data field and looks for peaks with elution times that matches the elution times in the user 
given elution time list. If the elution time in the data matches that in the user given elution time 
list within a 0.15 minutes uncertainty interval, the peak area for that field is assigned to the 
species assumed to elute at that time. Pyrovizer is repeating the same procedure for the data in 
structure for TCDsilane in order to find values for mono- and disilane. Then, it is again repeating 
the same procedure for the structure with data excluding m/z 60 in order to find values for 
trisilane.  
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CCalibrating and adjusting  

Pyrovizer is now looking for a set of calibration injections from which it will calculate 
calibration coefficients. As we aren’t performing a full calibration each time we are running the 
GC-MS (see section 7.2.6), the user needs to define which calibration injections to use for the 
calibration. Normally, we will pick the calibration that is closest in time to the measurements that 
shall be calibrated. Pyrovizer will read the data from the defined day, pick out the peaks 
corresponding to mono-, di- and trisilane. Then, based on the sizes of these peaks and the known 
concentrations in our calibration samples, Pyrovizer uses a linear fit to calculate calibration 
coefficients for mono-, di-, and trisilane. A typical example of a calibration dataset illustrating 
the linear fit and the resulting calibration coefficients is shown in Figure 17 (section 7.2.6). 
Pyrovizer further uses the calibration coefficients to calculate concentrations for mono-, di-, and 
trisilane.  

The data that is picked out to be plotted can be from several different days, or even from 
different weeks and months. We know that the sensitivity of the setup can vary from day to day. 
Thus, in addition to the full calibration (which does not happen on a daily basis) we do a daily 
adjustment to a measurement with known concentration (a measurement of calibration standard 
with highest concentraion). To achieve this adjustment, Pyrovizer goes through its library to find 
measurements of this calibration standard done at the same day as each measurement that was 
already picked out to be plotted. In the measurement to be plotted, the peak sizes of mono-, di-, 
and trisilane are adjusted according to the size of the corresponding peak in the calibration 
injection. The peak sizes of the higher order silanes are also adjusted according to the size of the 
trisilane peak in the calibration measurement. 

Sorting and normalizing data 

Pyrovizer now needs to sort the data according to the parameters that the user wants to plot 
data as function of. Depending on the user’s choices, the data might be sorted in one dimension 
(e.g. sorted after reactor temperature) or in two dimensions (e.g. sorted after reactor temperature 
and residence time). In the first case, the result is stored as a matrix with increasing temperature 
in one dimension and with increasing species elution time in the other dimension. In the latter 
case, the result is stored as a three-dimensional tensor with increasing temperature along the first 
dimension, increasing residence time in the second dimension and with species elution time as 
the third dimension. 

Pyrovizer now normalizes the data. Different normalizations can be performed, and their 
results are stored in different variables. One variable is with all outlet concentration divided by 
the monosilane inlet concentration. This variable gives the conversion of monosilane and 
indicates the yield3 of all the other species (see section 5.4). Another variable is with all outlet 

                                                 
3 A proper calculation of yield would require an absolute calibration of all the species. It also requires the 

stochiometric coefficients of the reaction(s). These are not included here. 



 

 

concentrations divided by the monosilane outlet concentration. A third variable is with each 
species’ signal (peak size) normalized to the highest signal for that species in the chosen dataset.  

A.3. Output  

The output from Pyrovizer is first and foremost the plots that it produces. From the different 
normalized and absolute variables, it can make absolute and normalized plots in one or two 
dimensions. Examples of one-dimensional plots produced by Pyrovizer are for example Figure 27 
and Fig. 2 and 3 of Paper VI. Examples of two-dimensional plots are for example Figure 20 and 
Figure 24.  

Pyrovizer has proven to be an invaluable tool for getting a better understanding and overview 
of a complex and sometimes confusing dataset. It provides great help in finding trends in the 
data, in choosing parameters for further experimentation and even for unveiling failures in the 
experimental setup. 


