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Resumen

Esta Tesis Doctoral se centra en la investigación del proceso de depósito de polisilicio
para aplicaciones fotovoltaicas (FV) por la vía química, mediante procesos de
depósito en fase vapor (CVD). Para alcanzar los dos principales objetivos de la
industria FV basada en silicio, bajos costes de producción y bajo tiempo de retorno
de la energía invertida en su fabricación, es esencial disminuir el consumo energético
de este paso. Por otro lado, una alternativa al proceso Siemens considera la
descomposición de monosilano (MS) en un reactor de lecho fluidizado (FBR). Este
proceso alternativo tiene un consumo energético mucho menor que el de un reactor
Siemens, si bien la calidad del material resultante es también menor; pero ésta puede
ser suficiente para la industria FV. A día de hoy los FBR deben aún abordar una
serie de retos para que su menor consumo energético sea una ventaja que compense
otras desventajas de estos reactores.

La investigación desarrollada en esta Tesis se centra en el proceso de depósito de
polisilicio FV (también conocido como silicio de calidad solar, SoG Si, por sus siglas
en inglés) por CVD a partir de TCS -reactor Siemens-; adicionalmente también se
aborda el proceso de producción de SoG Si en los FBR exponiendo las fortalezas y
debilidades de esta alternativa.

Para poder profundizar en el conocimiento del proceso CVD para la producción
de polisilicio es clave el conocimiento de las reacciones químicas fundamentales y
cómo éstas influyen en la calidad del producto resultante, al mismo tiempo que
comprender los fenómenos responsables del consumo energético. Por medio de
un reactor Siemens de laboratorio en el que se llevan a cabo un elevado número
de experimentos de depósito de polisilicio de forma satisfactoria se ahonda en el
conocimiento previamente descrito.

En este trabajo se identifican las principales contribuciones a las pérdidas de
calor de los reactores CVD debidas principalmente a los fenómenos de radiación,
conducción y convección en los gases. En el caso de los reactores Siemens el fenómeno
que contribuye en mayor medida al alto consumo energético son las pérdidas de calor
por radiación, mientras que en los FBRs tanto la radiación como la transferencia de
calor por transporte másico contribuyen de forma importante.

Se desarrolla un modelo teórico integral para el cálculo de las pérdidas de calor
en reactores Siemens. Este modelo está formado a su vez por un modelo para la
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evaluación de las pérdidas de calor por radiación y modelos para la evaluación de las
pérdidas de calor por conducción y convección vía gases. Se ponen de manifiesto una
serie de limitaciones del modelo de pérdidas de calor por radiación (p. ej. el modelo
considera materiales opacos cuya emisividad es constante para todas las longitudes
de onda: aproximación de cuerpo gris), y se desarrollan una serie de modificaciones
que mejoran el modelo previo. El modelo integral se valida por medio de un reactor
Siemens de laboratorio, y una vez validado se presenta su extrapolación a la escala
industrial.

El proceso de conversión de TCS y MS a polisilicio se investiga mediante modelos
de fluidodinámica computacional (CFD). Se desarrollan modelados CFD para un
reactor Siemens de laboratorio y para un prototipo FBR. Los resultados obtenidos
mediante simulación se comparan, en ambos casos, con resultados experimentales.

Los modelos desarrollados se convierten en herramientas para la identificación de
aquellos parámetros que tienen mayor influencia en los procesos CVD. En el caso del
reactor Siemens, ambos modelos -el modelo integral y el modelado CFD- permiten
el estudio de los parámetros que afectan en mayor medida al elevado consumo
energético, y mediante su análisis se sugieren modificaciones para este tipo de
reactores que se traducirían en un menor número de kilovatios-hora consumidos por
kilogramo de silicio producido. Se propone el concepto de escudos térmicos de silicio,
con los que se obtiene en el reactor de laboratorio un ahorro en kilovatios-hora por
kilogramo del 26,5-28,5%. Para el caso del FBR, el modelado CFD permite analizar
el efecto de una serie de parámetros sobre la distribución de temperaturas en el lecho
fluidizado; y dicha distribución de temperaturas está directamente relacionada con
los principales retos de este tipo de reactores.

Por último, existen nuevos conceptos de depósito de polisilicio; éstos se
aprovechan de la ventaja teórica de un mayor volumen depositado por unidad
de tiempo -cuando una mayor superficie de depósito está disponible- con el
objetivo de reducir la energía consumida por los reactores Siemens. Estos
conceptos se exploran mediante cálculos teóricos y pruebas en el reactor Siemens
de laboratorio. Teóricamente se obtienen ahorros en el consumo energético entre el
25-48% manteniendo aproximadamente constante la productividad, o incrementos
de productividades anuales entre el 12-41% manteniendo prácticamente constante
los kilovatios-hora consumidos por kilogramo de silicio producido, dependiendo de
la geometría de la superficie de depósito considerada.
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Abstract

This Doctoral Thesis comprises research on polysilicon deposition for photovoltaic
(PV) applications through the chemical route: chemical vapor deposition (CVD)
process. Lowering the energy consumption of the Siemens process is essential to
achieve the two wider objectives for silicon-based PV technology: low production
cost and low energy payback time. On the other hand, a valuable variation of this
process considers the use of monosilane (MS) in a fluidized bed reactor (FBR);
lower output material quality is obtained but it may fulfil the requirements for the
PV industry. FBRs demand lower energy consumption than Siemens reactors but
further research is necessary to address the actual challenges of these reactors.

This work is centered in PV polysilicon (also known as solar grade silicon, SoG
Si) CVD process from TCS -Siemens reactor-; but it also offers insights on the
strengths and weaknesses of the FBR for SoG Si production.

The understanding of the fundamental reactions and how they influence the
product quality is key, along with the comprehension of the phenomena responsible
for the energy consumption, to aiding further development in polysilicon CVD.
Experiments conducted in a laboratory Siemens reactor prove the satisfactory
operation of the prototype reactor, and allow to deepen the knowledge that has
been described.

Contributions to the energy consumption of Siemens reactors and FBRs are
put forward; these phenomena are radiation, conduction and convection via gases
heat loss. In a Siemens reactor the major contributor to the energy consumption
is radiation heat loss; in case of FBRs radiation and heat transfer due to mass
transport are both important contributors.

Theoretical models for radiation, conduction and convection heat loss in a
Siemens reactor are developed; shaping a comprehensive theoretical model for heat
loss in Siemens reactors. Limitations of the radiation heat loss model are put
forward (e.g., the model considers opaque materials with a constant emissivity for all
wavelengths: grey body approach), and a novel contribution to the existing model
is developed. The comprehensive model for heat loss is validated in a laboratory
Siemens reactor, and results are scaled to industrial reactors.

The process of conversion of TCS and MS gases to solid polysilicon is investigated
by means of computational fluid-dynamics models. CFD models for a laboratory
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Siemens reactor and a FBR prototype are developed. Simulated results for both
CVD prototypes are compared with experimental data.

The developed models are used as a tool to investigate the parameters that more
strongly influence both processes. For the Siemens reactors, both, the comprehensive
theoretical model and the CFD model allow to identify the parameters responsible
for the great power consumption, and thus, some modifications that could decrease
the kilowatts-hour per kilogram of silicon produced are suggested. Silicon thermal
shields concept is proposed, with which kilowatts-hour per kilogram savings in the
range of 26.5-28.5% are obtained in the laboratory reactor. For the FBR, the
CFD model allows to explore the effect of a number of parameters on the thermal
distribution of the fluidized bed; that is the actual challenge of these type of reactors.

Finally, there exist new deposition surface concepts that take advantage of higher
volume deposited per time unit -when higher deposition area is available- trying to
reduce the high energy consumption of the Siemens reactors. These novel concepts
are explored by means of theoretical calculations and tests in the laboratory Siemens
prototype. Energy consumption savings in the range of 25-48% for an approximated
constant productivity, or annual productivity increments between 12-41% for similar
kilowatts-hour per kilogram ratios, are theoretically obtained -depending on the
deposition surface geometry considered-.
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CHAPTER

ONE

Introduction

1.1 Photovoltaics, a relevant energy source based
on silicon

Photovoltaic solar energy (PV) has experienced a geometric growth in the last
decade, and it is clearly becoming a relevant player in the electricity system
worldwide. Traditionally, the high PV module prices kept PV far less competitive
than conventional power generation sources, and its deployment was based in public
support in the form of subsides, feed-in tariffs and other schemes. However, the
price of the PV modules has decreased sevenfold over the last five years, and the
cost of the installed PV system is reaching the level of 1 $/Wp [Parker and Purdy,
2013]. Even if part of the price reduction can be explained by the aggressive policy
developed by some Asiatic countries, there has also been a relevant component of
cost reduction. In figure 1.1 the global cumulative installed PV capacity growth can
be observed. On average, installations have grown by 48% annually from 2000 to
2012. Then, in figure 1.2 the levelized cost of electricity (LCOE) of residential solar
PV systems for various countries is presented. It can be observed how the solar
energy prices are becoming competitive with those of conventional energy sources
in the global markets.

In figure 1.3 the PV production development by technology is presented.
Historically, silicon-based PV technology has accounted for the majority of the
total world production. In 2012, silicon-wafer based accounted for about 86% of
the total production, being the rest thin film technologies [Fraunhofer Institute for
Solar Energy Sistems, 2013].

The value chain of the silicon-based PV is presented in figure 1.4. It goes from
quartz, which is reduced to metallurgical silicon -typically, 98%-99% pure-, further
refined to polysilicon -to levels in the range of 99,9999999% (9N)-, crystallized in
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Figure 1.1: Global cumulative installed solar PV capacity from 2000 to 2013 [Taylor et al.,
2014].

Figure 1.2: Levelized cost of electricity of residential solar PV systems from 2006 to 2014
[Taylor et al., 2014].
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Figure 1.3: Photovoltaic production development by technology [Fraunhofer Institute for
Solar Energy Sistems, 2013].

Figure 1.4: Silicon-based PV value chain.

ingots, sliced in 200 µm-thick wafers, processed in solar cells and assembled in PV
modules.

Although it looks like a complex and long process, there are a number of reasons
behind the predominance of silicon as PV material. It is a non-toxic, abundant
material (the second most abundant element in Earth’s crust, although not present
in pure phases), available in large supply due to the mature industry developed
around metallurgy and electronics, and benefiting from an impressive knowledge
about its properties and from a huge variety of technologies to process it into useful
devices.
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Figure 1.5: EPBT for on-roof installations in southern Europe for mono-crystalline and
multi-crystalline silicon technologies in 2011 [de Wild-Scholten, 2013].

Also, the efficiency of commercial modules (one of the key drivers for cost
reduction) has increased enormously in the last 10 years from about 12% to 16%.
The amount of time needed for a PV system to compensate for the energy required
to fabricate it is called ‘energy payback time’ (EPBT). The EPBT of PV systems
depend on its geographical location: PV systems installed in the northern Europe
need around 2.5 years to compensate the inherent energy, while PV systems in
the southern countries reach this balance after 1.2-1.9 years. The EPBT evolved
from 3.3 in 1990 to 1.2 years in 2010 for on-roof installations in southern Europe
(1700 kWh/m2/y) [Fraunhofer Institute for Solar Energy Sistems, 2013]. Taking
into account that the technical lifetime of PV systems is more than 30 years, these
numbers indicate that they produced net clean electricity for more than 95% of their
lifetime.

In figure 1.5 the breakdown of the EPBT for on-roof installations in southern
Europe for mono-crystalline and multi-crystalline silicon technologies is presented.
Silicon feedstock, ingot and wafer are the greatest contributors to the energy
consumption. In particular, silicon feedstock (ultrapurified polysilicon) accounts for
between one fourth and one third of the total energy consumption for silicon-based
technologies [Ceccaroli and Lohne, 2011], [Alsema and de Wild-Scholten, 2007],
[Singer, 2007].

Although many alternative PV technologies try to challenge silicon predomi-
nance, it is difficult for them to succeed. Besides, the performance of silicon-based
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PV becomes for them a moving target, as it continues to evolve, improve and reduce
its costs. And there is still room for further improvement [Goodrich et al., 2013].
One of the areas of research that can have a great impact in further improving silicon
PV is the refining step, the ultrapurification of metallurgical silicon to polysilicon,
which is the focus of this Thesis.

1.1.1 Polysilicon and solar grade silicon

Polysilicon (short name for polycrystalline silicon, as it consists of small silicon
crystals) is the feedstock material for both microelectronics and photovoltaics.
Polysilicon production was historically devoted to microelectronics, leaving only
the ‘residue’ to photovoltaics, but the fast expansion of PV made the tables turned
in 2006, and now it is the PV market which demands around 90% of the polysilicon
[Hesse et al., 2009], [Berstein, 2006]. In figure 1.6 the polysilicon demand worldwide,
indicating the corresponding percentages to the solar and microelectronic industries,
is presented.

Polysilicon suppliers were not able to attend the growing PV demand, so that
between 2006-2011 the market experienced a silicon shortage, with prices rocketing
to the hundreds $/kg level. The late reaction of the polysilicon players (the
incumbents and the newcomers) during those years quickly changed the scenario
to that of oversupply. In 2012 there was a weak silicon demand compared to the
production capacity; prices fell dramatically, putting pressure on those who could
not deliver the most competitive technology with many players exiting the market:
there are estimates that refer to ∼25% [Meyers, 2012], [de Linde, 2014].

Prices, initially fixed by profit pool drop from 50-60 $/Kg, rocketing to even
300-500 $/Kg during the silicon shortage, are now in the 18-22 $/Kg range, being
a fact that in 2012 most polysilicon producers were operating at a loss. Prices are
foretold to become stable at around 21-23 $/Kg, and maybe suffer a slightly increase
in the next years [NPD-Group, 2012], [Liu and Liu, 2012]. These price levels press
polysilicon producers to further reduce their production costs if they are looking for
a sustainable business [Ciszek, 2014].

As all the forecasts indicate that the PV will continue its expansion, and silicon-
based technology will remain its workhorse, a significant growth in polysilicon
consumption is expected in the medium-long term [Steemana et al., 2012],
[Bernreuter, 2012].

Polysilicon is a highly pure material, in the case of microelectronics reaching the
9N level (eg Si), as mentioned above [Singer, 2007], [Ceccaroli and Lohne, 2011].
For PV the purity requirements can be somewhat relaxed, so that it is widely
said that the polysilicon purification level for PV is in the range ∼99.99999% (or
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Figure 1.6: Polysilicon demand worldwide and total polysilicon growth [SolarBuzz, 2014].

7N). This may be an oversimplification, as many studies show that the acceptable
impurity levels are different for the different contaminants and for the different
cell architectures (see for example [Hofstetter et al., 2013], [Delanoy, 2012] and
[Coletti, 2013]), but at least we can state that the lower purity requirements for PV
polysilicon allow process simplifications that lead to cost reductions [Coletti et al.,
2012], [Silicor-Materials, 2012], [Bathey and Cretella, 1982].

PV polysilicon is named solar grade silicon (SoG Si), which ultimately refers to
any grade of silicon usable in manufacturing solar cells. To obtain SoG Si, there
was a vast effort on research and development (R&D) after the oil crisis in the
1970s, with many alternative paths being explored. Most of them did not reach an
industrial scale, and PV kept relying on the traditional chemical route, the so called
Siemens process [Ceccaroli and Pizzini, 2012], [del Cañizo et al., 2010], [Herring
and Hunt, 1990]. Nowadays, the vast majority of SoG Si is still produced by the
Siemens process -more than the 90%-; as this class of process is currently the only
one available from technology suppliers and engineering firms [Bye and Ceccaroli,
2014]. From the alternative paths to the Siemens process, the most valuable is
the fluidized bed reactor (FBR); however, less than 10% of all SoG Si is currently
manufactured with these type of reactors [Yang, 2003], [Osborne et al., 2011].

There are also other approaches being explored, physical processes mainly
revisiting developments of the 70s-80s, and sometimes gathered under the term
‘metallurgical route’. Although some of them reached industrial scale, the low prices
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during the oversupply period throw them out of the market. There is still lot of work
in the field, as this route promises lower energy consumptions and so lower costs
than the traditional chemical route [Bye and Ceccaroli, 2014], [Søiland et al., 2012],
[Souto et al., 2014], [Ceccaroli and Lohne, 2011], [Yuge et al., 2001], [Sirtl, 1983].

1.2 Polysilicon manufacture process

As stated above, the chemical route -via chemical vapor deposition (CVD) of high
purity trichlorosilane (TCS) on a hot filament- domains nowadays the polysilicon
production for the silicon-based PV technology. The currently favored method for
SoG Si production, named the Siemens process, leads to high quality polysilicon
at the expense of high energy consumption [Braga et al., 2008], [Wang et al.,
2013]. Alternative technologies such as monosilane (MS) based fluidized bed
reactors (FBR) claim they reduce importantly the energy consumption. In short,
at present two main trends in polysilicon production by the chemical route exist:
reduce the kilowatts-hour per kilogram (kWh/kg) of polysilicon produced through
the traditional process, and support the new technology developments to make
their lower energy consumption a sufficient advantage compared to other process
disadvantages [Ceccaroli and Pizzini, 2012], [Filtvedt et al., 2012a].

The raw material for polysilicon production is metallurgical silicon (mg Si), which
is produced by carbothermic reduction of quartz at high temperature (∼ 2000◦C) in
an electrical arc furnace. The liquid silicon produced is refined in a ladle, poured into
a mould where it solidifies, and crushed. The energy consumption of metallurgical
silicon production is around 10 kWh/kg, and from this process 98-99% pure silicon
is obtained. The annual world production is around 1.5·106 tons, and only a small
amount (∼10%) goes to the PV industry, requiring further purification.

Existing chemical processes for SoG Si production consist of the same general
steps:

• Synthesis of a volatile silicon hydride: mg Si reacts with hydrogen chloride
(HCl) or silicon tetrachloride (SiCl4) in a fluidized bed reactor to synthesize a
volatile silicon hydride: MS or TCS (halohydride).

• Purification: intensive purification process by distillation to obtain a very pure
stream of the synthesized hydride/halohydride.

• Decomposition of the hydride/halohydride to polysilicon: the reduction
reaction occurs in a chemical vapor deposition (CVD) reactor.

On the one hand, the besetting chemical process for SoG Si production is based
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on the synthesis, distillation, and decomposition of TCS in the so called Siemens
reactor (see figure 1.7). Overall energy consumption in a Siemens process is around
120-180 kWh/Kg of polysilicon (nowadays, below 100 kWh/Kg for large capacity
plants), but it can be further reduced through different solutions: recycling gaseous
by-products or heat recovering, among others [Delanoy, 2012], [Maurits, 2011]. In
any case, it is necessary to address the energy consumption of the decomposition
step, as it accounts for over half the contribution to the energy consumption of the
whole process (45-80 kWh/kg).

Figure 1.7: The traditional chemical route for silicon purification. Sketch courtesy of Ignacio
Tobías.

On the other hand, a valuable variation of this process considers the use of MS
and the decomposition step occurs in a FBR. The energy consumption of SoG Si
decomposition from MS in a FBR is estimated to be in the range of 4-16 kWh/kg
[Odden et al., 2008], [Torvund, 2012]; numbers vary depending on the number of
steps or energy consuming processes that have been accounted for its calculation. It
is worth mentioning that the method gaining most recognition for the production of
MS consists of the redistribution of purified TCS through fixed bed columns filled
with a catalyst. Thus, the cost of this transformation step should be considered
when comparing MS- with TCS-based technologies [Bye and Ceccaroli, 2014].
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1.2.1 CVD processes and reactors

Chemical vapor deposition (CVD) processes are widely used for solid materials
production from gaseous reactants, in fields such as semiconductor devices, solar
cells, optical fibers, coatings, etc. Although CVD processes have been known for
a while and are used in many industries since decades, there is still interest in
further understanding the process to improve performance [Pierson, 1999], [Kodas
and Hampden-Smith, 1994], [Faÿ et al., 2006].

CVD processes are complex; heat transfer mechanisms, fluid-dynamics, kinetics
and chemistry are involved [Kleijn, 2000], [Pan et al., 2011], [Jianlong et al., 2011].
The understanding of the fundamental reactions and how they influence the product
quality is key, along with the comprehension of the phenomena responsible for the
energy consumption, to aiding further development in polysilicon CVD. Both the
Siemens reactor and the FBR are CVD reactors. However, a number of differences
in between a Siemens reactor and a FBR exist: reactor size and geometry, reactive
gases, gases flow rate and inlet/outlet disposition, the way for the heating up of
the deposition surfaces and their shape, working temperature and pressure, product
quality, etc. A general description of both CVD reactors is presented below.

Siemens bell reactor

The deposition process in a CVD bell reactor (Siemens reactor) consists of a thermal
decomposition of TCS (SiHCl3) diluted in hydrogen (H2). Decomposition occurs on
the surface of a number of U-shaped pure silicon rods at temperatures higher than
1000◦C, while the reactor wall is kept cooled at temperatures around 400◦C. This
large temperature difference between the deposition surfaces and the reactor wall is
required to avoid certain chemical reactions in the bulk of the gas that would lead to
lower quality of the resulting material. The initially slim U-shaped rods are heated
up by Joule’s effect in a H2 atmosphere until decomposition temperature, then TCS
starts to be introduced in the reactor chamber (typically in a low percentage ∼10%
mol) and due to the reduction reaction the thickening of the rods begins. Two
different ways of manufacturing slim rods exist: by Czochralski’s (CZ)/floating-
zone (FZ) methods [Duffar, 2010] or by cutting polycrystalline silicon plates into
multiple square sticks [Herring and Hunt, 1990].

The typical batch time in industry is around 80-100 hours, including the heating
up to the process temperature, the deposition process itself and the cooling down
to room temperature, being the second step -the decomposition or deposition step-
the one accounting for almost all the energy consumption [Ramos et al., 2013]. The
initial diameter of the seed rods is around 0.7 cm while the final diameter varies
between 13-20 cm depending on the reactor size and the process tuning.
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Figure 1.8: Photograph of a 18 U-rod Siemens reactor after a deposition process [Hashem,
2013].

Broadly, in industrial Siemens reactors the U-rods are placed in concentric rings,
each one connected to a pair of electrodes at its lower part, and then electrically
connected between them in different configurations, depending on the power supply
strategy. Typically, the number of U-rods of industrial Siemens reactors are 12, 18,
24 or 30, placed in three or four concentric rings [del Coso, 2010], [Chunduri, 2014a].
In figure 1.8 a photograph of an 18 U-rod industrial reactor after a deposition process
is shown. The rods are extracted from the reactor chamber and cut up into pieces;
in figure 1.9 a number of polysilicon rod sections (called chunks) are shown.

The higher the rods surface temperature, the higher the polysilicon deposition
rate, but also the higher energy consumption. Therefore, a compromise solution
in between high deposition rate and low energy consumption is sought in order to
optimize the figure kilowatts-hour per kilogram (kWh/kg) of polysilicon produced.
In industry, the deposition conditions of pressure are around 6-7 bar; again,
higher process pressures lead to faster deposition processes, but above 6-7 bar of
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Figure 1.9: Polysilicon rod sections produced by the Siemens process [MEI, 2015].

pressure the deposition rate increments do not compensate the expensive mechanical
requirements for higher pressures. At the typical process pressure conditions the
figure kWh/kg reaches its minimum value for a deposition temperature of 1100-
1150◦C [del Coso, 2010].

To successfully deposit polysilicon in a Siemens reactor, there are several key
aspects that need to be controlled. The most important ones are mentioned here.

Working with TCS and hydrogen

Working with TCS and hydrogen requires some precautions: hydrogen is very
flammable (or explosive) when mixed with air or oxygen (and this occurs from
a very low concentration in air), TCS reacts vigorously with water producing
hydrogen chloride (HCl) and hazardous residues, and TCS presents a liquid state
at temperatures under 30◦C which makes difficult its handling. Further, HCl forms
corrosive hydrochloric acid on contact with water, inducing important damages in
the system.

Rods heating up

Silicon is a semiconductor material, and its resistivity decreases (its conductivity
increases) with temperature; to be precise, the former happens for intrinsic silicon
material. Figure 1.10 illustrates this phenomenon. However, when heating a doped
silicon rod from room temperature to temperatures above 1000◦C its resistivity
behavior differs. For a doped silicon rod, the resistivity increases with temperature
until a certain value -around 400◦C-, and once surpassed this temperature the

11
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Figure 1.10: Resistivity behavior of intrinsic silicon material with the temperature.

resistance rapidly decreases, reaching values under the initial ones. This effect
can be seen in figure 1.11 for boron-doped silicon (Nd = 3.3·1016 cm−3). Silicon
resistivity depends on the temperature and the doping concentration, as shown in
equation 1.1 in which e is the electron charge, µh the hole mobility, µe the electron
mobility, and n and p the electron and hole concentrations, respectively. Naand Nd

correspond to the n-type and p-type dopants concentration [Grove, 1967], [Pierret,
1982], [Ruiz et al., 1982]. For intrinsic silicon (Na = Nd = 0; n = p = ni), resistivity
depends on the intrinsic concentration (ni(T

3
4 ·e1/T )) in all the temperature range,

while resistivity for doped silicon depends on electrons and holes mobility for the
low temperature range and on the intrinsic concentration for high temperatures.

ρ(T,Na, Nd) =
1

e · [µh(T,Na, Nd) · p(T,Na, Nd) + µe(T,Na, Nd) · n(T,Na, Nd)]
(1.1)

Polysilicon seed rods in industry are made of intrinsic silicon material. From the
figure 1.10 it can be deduced the difficulties to overcome the initial resistance that
the seed rods present due to the huge voltage required. If the heating up of the rods
is done by Joule’s effect, there are two very different power regimes involved. For
the first one, a secondary high-voltage power supply is usually used to heat up the
rods placed in the middle ring, which will then heat up the rods in the other rings
by radiation. Once these rods reach a certain temperature -and their resistivity has
been lowered enough- it is possible to proceed with the Joule’s effect heating of all
the rods with the main power supply, feeding the rods in every ring with another V-I
pair law. Another alternative strategy for the initial regime is the use of an external
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1.2. Polysilicon manufacture process

Figure 1.11: Resistivity behavior of doped silicon with the temperature (Nd = 3.3·1016
cm−3).

hot element for the heating up of the rods, typically a hot graphite finger placed
in the axis/center of the reactor, and removed once the rods reach the threshold
temperature.

In some cases, doped silicon seed rods are used to simplify this step and avoid the
need of the heating up dedicated power strategy. This implies that the polysilicon
produced will be also doped to a certain level, but hopefully under the level that is
needed for photovoltaic applications (e.g., for an initial 0.7 cm diameter rod doped
that Nd = 3.3·1016 cm−3, dopant concentration for a 15 cm final rod diameter is
7.2·1013 cm−3). And a typical dopant concentration -boron- for PV solar cells is Nd

= 1·1016 cm−3 [Coletti et al., 2012].

Rods temperature control

Once the rods are heated up until the deposition temperature, the rods surface
temperature is kept nearly constant along the deposition process. As the rods grow
in diameter, to maintain a constant surface temperature the required power must
increase along the process.

Thus, the deposition process is controlled through the power supply, so that
the relation between the rods temperature and the power supplied must be known
instantly in order to conduct the process at the adequate temperature. The surface
temperature of a few rods is monitored to state this relation. It is typically measured
with a pyrometer capturing the radiation emitted by the rod; to account for the
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interferences due to air, one or two peepholes and gases inside the reactor chamber,
a ratio radiation pyrometer is preferred. This device it is also known as two-color
pyrometer and its way of operation is explained in subsection 2.1.1.

Chemical kinetics of the polysilicon deposition

Polysilicon deposition in a Siemens reactor occurs when a gas mixture of TCS and
hydrogen reaches the hot surface of a polysilicon rod. Despite the reduction reaction
is expressed in a simplified form as shown in equation 1.2, multiple reactions take
place inside the reactor chamber. These reactions produce a great number of by-
products that may limit the overall efficiency of the process (e.g., to obtain one mol
of polysilicon between 3-4 mol of silicon tetrachloride -SiCl4, STC- are produced,
significantly reducing the silicon deposition efficiency) [Pan et al., 2011]. In figure
1.12 a diagram of the chemical reactions is shown.

2 HSiCl3 → Si+ 2 HCl + SiCl4 (1.2)

Figure 1.12: Chemical kinetics of the gas-phase reactions inside de reactor chamber
[Talalaev, 2009].

The rate-limiting step of the polysilicon reduction reaction is determined either
by the surface reaction kinetics or by mass transport. Interaction between heat and
mass transfer, gases flow and chemical reactions define the kinetics of the deposition
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1.2. Polysilicon manufacture process

process; but as of today, detailed descriptions of transport phenomena and reaction
chemistry of the polysilicon deposition process are difficult to find [Pan et al., 2011],
[Walker et al., 1998]. For different initial TCS and H2 concentrations it is possible
to theoretically calculate the distribution of the produced species in equilibrium for
each temperature; however these calculations only indicate the maximum theoretical
selectivity or yield of a produced specie that would be obtained under certain
conditions, which may differ from the real system. Thus, it is difficult to extrapolate
process kinetics of this reduction reaction since those will vary for each particular
system (process kinetics in CVD systems are not typically controlled by temperature,
but by mass transport and diffusion mechanisms) [Walker et al., 1998], [Castillo and
Rosner, 1996], [Komiyama et al., 1999], [Ran et al., 2014].

Core melting risk

The radial temperature profile in a polysilicon rod heated up by Joule’s effect is
not constant, and as the electrical conductivity of the material depends on the
temperature, the current density inside the polysilicon rod varies with the radius.
The radial temperature profile depends on the amount of heat exchanged -heat loss-
through the rod surface; in figure 1.13 the temperature distribution of a 7 cm radius
polysilicon rod at 1150◦C for different power heat loss per unit area is presented.
The higher the heat loss through the surface, the higher the temperature gradient
in between the rod center and its surface. The curves presented in figure 1.13 have
been calculated according to the heat transfer equation within a semiconductor and
applying the Maxwell’s equation inside the semiconductor [Chapman, 1984], [del
Coso, 2010].

Throughout a Siemens process, the temperatures in the center of the rod can
reach values near the silicon melting temperature, that is 1414◦C. If the former
occurs the polysilicon rod will collapse, therefore, for a certain set of deposition
conditions the maximum diameter of the rods would be limited by this phenomenon.
It is worth mentioning that the power consumed instantly per unit area decreases as
the rod diameter increases, and the kilograms of polysilicon produced increase for
larger diameters. Thus, larger final rod diameters lead to lower energy consumption
per kilogram of silicon produced; highlighting the importance of controlling the core
melting risk.

Pop-corn phenomenon

Non-homogeneous polysilicon deposition, also known as ‘pop-corn’ phenomenon, is
sometimes experienced, as shown in the left hand side of figure 1.14. There are
different conditions that can favor this dendritic growth: flow rate, radiation flux,
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Figure 1.13: Temperature distribution of a 7 cm radius polysilicon rod for different power
heat loss per unit area.

reactive gases concentration, and heat (typically, it occurs if the surface temperature
is above 1100◦C [Rogers, 1990]).

When the pop-corn phenomenon appears, the temperature gradient in between
the rod surface and their center will increase due to the difficulty of the electric
current to pass through the dendrites. Again, risk of core melting exists, provoking
the shut-down of the deposition process. Another drawback is the greater
susceptibility to contamination in the subsequent handling due to the higher final
surface of the grown rods. However, higher deposition rates are obtained when
the pop-corn phenomenon appears; then, this phenomenon must be controlled -and
care handling after de deposition process must be considered- but it is not strictly
necessary to avoid it completely.

Fluidized bed reactors

As presented above, the most valued alternative to the Siemens reactor is the
fluidized bed reactor (FBR) [Osborne et al., 2011], [Chunduri, 2014b]. This type
of CVD reactor allows continuous production; high productivities can be achieved
and two different approaches exist: feeding with TCS or with MS. The latter
approach has advantages in the deposition step: in the MS-based FBR, the reduction
reaction to polysilicon deposition occurs at temperatures significantly lower than in
a Siemens reactor, thus the energy consumption per kilogram of silicon produced in
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Figure 1.14: Dendritic growth (left) and homogeneous growth (right) obtained with an
industrial Siemens reactor [Talalaev, 2009].

the decomposition step is estimated to be 5-9 times lower than the corresponding
numbers for a Siemens reactor.

A cylindrical reactor vessel is filled with tiny silicon particles which are kept
fluidized by an ascending gas flow, typically hydrogen. The column of particles in
the fluidized bed is heated above 600◦C for the decomposition reaction to occur
and the reactive gas, MS, is inserted. The silicon beads are previously obtained by
silane pyrolysis in a free-space reactor [Lay and Iya, 1981]. The initial diameter of
these silicon particles is in the range of hundred of microns, and after some dwelling
time the particles have grown to a size suitable for extraction (∼ 1-2 mm) [Yang,
2003], [Filtvedt, 2013]. The typical time on stream in industry is 60-120 days; if
continuous production is possible [Bye and Ceccaroli, 2014]. In figure 1.15 silicon
particles obtained after a deposition process in a FBR are shown.

The purity of the polysilicon obtained from MS in a FBR is below that of
the Siemens process, compromising its use for microelectronic devices. It can be
acceptable for solar cells, provided good temperature control and low amount of
fines formation achieved in the process [Ceccaroli and Lohne, 2011], [Ydstie and Du,
2011].

Several attempts have been made to use chlorosilanes in fluidized beds for
polysilicon production. However, this has so far proven challenging as there
will always be a temperature distribution within a fluidized bed. This is simply
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Figure 1.15: Silicon particles obtained with a MS-based FBR, courtesy of Werner O.
Filtvedt.

because the reactant needs to be injected at a temperature below its decomposition
temperature: for both TCS and MS this will typically be below 300◦C. Ideal
deposition temperature will be 600-800◦C for MS, for TCS it will be 950-1150◦C
[Herrick and Wooddruff, 1984], [Filtvedt et al., 2010]. However, whereas suboptimal
deposition due to low temperature may lead to hydrogen inclusions for silanes,
they will lead to chlorine inclusions for chlorosilane based depositions [Onischuk
and Panfilov, 2001]. This may be improved by going to higher temperatures and
higher hydrogen to TCS ratios, as these will increase reverse mechanisms leading
to continual chlorine removal. However this will directly go against the motivation
for using FBRs since these two factors will lead to higher energy consumption.
In the end it will not be possible to come down to the low energy consumption
possible with MS-based reactors, merely due to the fundamental kinetics. To be
able to compete with conventional Siemens deposition technology, FBR still has
some challenges to overcome, related to purity and porosity, production of fine dust,
good gas and temperature control, among others [Dahl et al., 2009], [Herrick and
Wooddruff, 1984], [Filtvedt et al., 2012a].

1.3 Breakdown of polysilicon process cost

As mentioned in section 1.1.1, the cost of producing polysilicon is nowadays around
20 e/Kg. Analyzing what is behind this figure is not easy, as companies have been
very reluctant to report the cost structure of their SoG Si production, which is a
very sensitive piece of information for their market strategy.

Also, when comparing the figures reported in the not so many published
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Table 1.1: Polysilicon breakdown cost for Siemens and FBR technologies [Mozer and Fath,
2006], [Tellenbach, 2011], [CentroTherm, 2014], [Torvund, 2012].

Cost SolMic Siemens CentroTherm REC Silicon
technology [%] technology [%] technology [%] technology [%]

(Siemens) (Siemens) (Siemens) (Silane FBR)
Electricity 21 25 32 5
Other
Utilities 6 10
mg Si 10 12 12 37
HCl 4 7 -
Labor 21 12 17 32
Maintenance 4 5 8
Depreciation 34 29 31 26

papers, [Mozer and Fath, 2006], [Maurits, 2011], [Tellenbach, 2011], [Torvund, 2012],
[CentroTherm, 2014], [Bye and Ceccaroli, 2014], care should be taken to understand
what are the hypotheses involved, and other aspects -such as material specifications
or the year in which they were produced- should not be forgotten. But even if
the actual figures can be discussed, relevant lessons can be learned from the order
of magnitudes and the tendencies they show. Table 1.1 gathers information on
the polysilicon breakdown operational cost (OPEX) for three different Siemens
technology polysilicon plants and for a FBR plant. Despite numbers presented
in table 1.1 for the Siemens technology span several years, in all cases depreciation
and electricity sum together around 55% of the total polysilicon cost; and electricity
is responsible for around one fourth of the total cost. For the breakdown cost of
the FBR technology presented in table 1.1 electricity cost is barely 5%, while mg
Si, labor and depreciation cost are the most important ones.

In addition to the OPEX, capital expenditures (CAPEX) are also quite relevant
for these technologies. For the particular case of the CentroTherm technology
(Siemens process), numbers presented in table 1.1 correspond to a polysilicon plant
of 2500 tons/year capacity with 36-rod Siemens type reactors, obtaining a final
production cost of 28.5 e/kg of polysilicon (0.21 e/Wp). The equipment and
the building cost -CAPEX- are 227 and 85 Me, respectively [CentroTherm, 2014].
These figures can be taken as a reference of the order of magnitude of the investment
involved, even if nowadays plants tend to be larger (more in the 10.000 t/year range)
and reported costs are lower.

As a conclusion, the analysis of the cost breakdown indicates the importance
of reducing the electrical consumption of the Siemens process, in order to reduce
OPEX, and the potential of implementing technology modifications to replace the
actual equipments with others less expensive, which would lead to OPEX and
CAPEX reductions.
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1.4 The Thesis

This Thesis has been developed under the framework of Centesil (Centro
de Tecnología de Silicio Solar) initiative. Centesil is a R&D center on
silicon ultrapurification, launched in 2006 by Universidad Politécnica de Madrid,
Universidad Complutense de Madrid, and several Spanish private companies.

The main goal of Centesil has been to propose a technology for silicon
ultrapurification through the chlorosilane route, designing and building a semi-
industrial pilot plant to test it, and use it as a platform for further R&D on the
topic. By semi-industrial we refer to a maximum production capacity of 2400 tons
per year of TCS, and of 150 tons per year of polysilicon. In figure 1.16 the main areas
of the pilot plant are presented: trichlorosilane production, distillation columns and
Siemens reactor. The plant also has a Czochralski ingot grower of 8 tons per year
of production capacity (also in the previous figure) as a tool to test the polysilicon;
and it is linked to the silicon solar cell processing laboratory of the ‘Instituto de
Energía Solar’ (IES).

Centesil technology addresses the main target of reducing the cost of polysilicon
production by the efficient reuse of the by-products in the process -in particular,
redistributing tetrachlorosilane (STC) to trichlorosilane (TCS) and recuperating
dichlorosilane (DCS)-, the implementation of heat recovery schemes, and the
reduction in the energy consumption of the decomposition to polysilicon in a CVD
reactor, where this Thesis has mainly contributed.

1.4.1 Scope and objectives

The scope of this work is the study of the polysilicon production process by chemical
vapor deposition from trichlorosilane, the analysis of the energy loss associated with
the process, and the proposal of ways to reduce it. It parts from the assumption that
the Siemens process, today the besseting process for high purity silicon production,
still presents room for improvement.

The work here presented is developed on the basis of some key hypothesis:

• Despite the CVD processes complexity, a robust and simplified model may
lead to the understanding of the system of study, allowing to draw conclusions
for the process improvement, in particular those related to heat losses. In
this regard, although the processes of mass transfer and heat transfer are
interrelated and simultaneous, they can be uncoupled leading to a great
simplification of the problem.
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Figure 1.16: Main areas of Centesil R&D center on silicon ultra-purification.
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• Even if CVD processes at laboratory and industrial scales present important
differences, it is possible to extrapolate laboratory results to understand the
heat transfer phenomena and other processes involved at the industrial level.

• Even if previous research has shown that radiation phenomenon is responsible
of most of the heat loss in a CVD reactor, the experience with a laboratory
scale CVD reactor suggests that other mechanisms (e.g., convection and
conduction) that cannot be disregarded.

• There exist intriguing advantages regarding to polysilicon productivity and
energy consumption if considering the use of thermal shields and the
polysilicon deposition onto new surface concepts.

Based on these hypotheses, the objectives of this work are listed below:

• Study of the influence of different operation conditions on the polysilicon
deposition processes conducted in a laboratory-scale Siemens-type reactor.

• Development of a comprehensive model of the Siemens process that accounts
for all phenomena responsible of the energy consumption.

• Application of the comprehensive model to a laboratory scale reactor for
validation, and scaling of the developed models to industrial processes.

• Analysis of different ways to reduce the energy consumption of the Siemens-
type reactors, mainly radiation losses.

• Address and develop a simplified model of a valuable variation of the Siemens
process, polysilicon deposition in a fluidized bed reactor considering the use of
silane, and comparison between both processes.

1.4.2 Structure of the Thesis

The Thesis is structured as follows:

In this chapter 1, polysilicon and SoG Si materials have been presented, the
CVD processes for SoG Si production described, and key aspects such as deposition
conditions, process boundaries, process control and electrical behavior, exposed.
Finally, the breakdown of polysilicon production process cost has also been analyzed.

In chapter 2, the laboratory scale Siemens reactor and the equipment used for
the research are described, exposing the experimental procedure and the influence
of the operational variables. In addition, the FBR prototype is also described.
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In chapter 3, a comprehensive theoretical model for heat loss of a Siemens reactor
is developed.

In chapter 4, the comprehensive model for heat loss for a Siemens type reactor is
experimentally validated with the laboratory prototype. The model is extended to
the industrial scale, and differences between the laboratory and industrial Siemens
reactors are studied.

In chapter 5, computational fluid-dynamics (CFD) models of the heat loss of the
laboratory Siemens reactor and the FBR prototype are developed. Modeling results
are compared with those obtained experimentally, and a comparison between CVD
processes for SoG Si production -the Siemens reactor and the FBR- is addressed.

In chapter 6, advantage is taken of the comprehensive model and several
approaches to reduce heat loss in Siemens reactors are proposed: thermal shields and
new deposition surface concepts. Moreover, a novel contribution to the radiation
heat loss model is presented.

Finally, in chapter 7, conclusions are drawn and future work is proposed.
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CHAPTER

TWO

CVD reactor prototypes

Research on SoG Si production through the chemical route using an industrial scale
CVD reactor is very costly in time and money (direct cost and opportunity cost).
Thus, laboratory scale reactors allow this research to be carried out in a more
affordable way, provided extrapolation of results to the industrial scale can be clearly
justified.

At the ‘Instituto de Energía Solar’ (IES) there is an in-house made laboratory
Siemens reactor at our disposal. In addition, there is a FBR prototype built at the
‘Institute of Energy Technology’ (IFE), in Norway. All working conditions of both
CVD industrial processes -except the pressure inside the reactor chamber- can be
reproduced in the prototypes; both are described in this chapter, together with the
main aspects of the experimental procedure.

2.1 Laboratory scale Siemens reactor

The laboratory scale Siemens reactor was designed and constructed in 2008. Feeding
it with H2 was easy as it is typically used in research laboratories, but finding a TCS
supplier that delivered little quantities (10-20 kg) for research purposes was not easy.
TCS was finally introduced at the end of 2009, and from early 2010 polysilicon
deposition processes have been conducted regularly in the laboratory reactor. In
figure 2.1 a photograph of the laboratory Siemens reactor is shown.

2.1.1 System description

In figure 2.2 a general sketch of the global system is presented. The reactor chamber
is a stainless steel cylinder -upright placed-, the gases are introduced from the bottom
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Figure 2.1: Laboratory Siemens reactor at the ‘Solar Energy Institute’ (IES).

of the reactor chamber and the outlet is placed at the top. The rod or rods are
electrically connected to two copper electrodes placed at the bottom and top of the
reactor chamber. The length of the rods varies between 12-56 cm and their initial
diameter is around 0.7-0.8 cm. The reactor chamber presents a double wall; and
between the two walls there is a water cooling circuit.

The reactive gases (TCS and H2) go inside the reactor chamber through its
bottom part, flow along the chamber parallel to the polysilicon rod(s), and go out
through its upper part. Outlet gases are conducted through a particle filter to a
dry scrubber -for dangerous and polluting gases neutralization- before reaching the
exhaust to air. Inlet and outlet gas composition is analyzed by means of a mass
spectrometer. The pumping system is formed by two extraction pumps. Different
pressure and temperature sensors and measurement devices are placed all along the
gases route. There is an overpressure emergency system connected with the gases
exit path by a bursting disk; nitrogen gas (N2) would neutralize the gases coming
from the reactor if pressure increases above 1.3 bar1.

In addition to the elements described above, a data acquisition system, a power
unit -to heat up the rod or rods- and a gas control application are also part of

1All pressure values indicated correspond to absolute measurements.
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the system. In the following lines the main equipments of the system are briefly
described, as well as the most relevant characteristics of the mentioned subsystems;
further information can be found in the internal document [Grupo de tecnología de
Silicio, 2010].

Figure 2.2: General sketch of the laboratory Siemens reactor system.

Pumping system

The pumping system, which comprises two different pumps, is placed after the
outlet of the reactor chamber between the particle filter and the scrubber. There
is a rotary pump which facilitates gases evacuation; and, connected to it, there is a
high displacement pump which makes possible to reach vacuum values of 10−3 mbar
inside the reactor chamber and the connected pipes -it ensures the tightness of the
system before introducing the process gases in the reactor chamber-. A pressure
below 2·10−2 mbar is considered an adequate sealing. At steady state operation
both pumps are stopped and the gases are circulating at a pressure slightly above 1
bar. This pressure is enough for the gases to reach the exhaust after the scrubber,
bypassing the pumping system. Finally, due to corrosive properties of the TCS and
the high amounts of hydrogen chloride (HCl) present -as a result of the reduction
reaction-, a nitrogen purge is required to preserve the pumping system.
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Gas supply

TCS is stored normally as liquid in a 20 kg bottle and it is evaporated before entering
the system. TCS vaporizes above 30◦C, therefore all pipes which this gas circulates
through should be maintained hot enough and suitable insulated to guarantee that
inner temperature is above 30◦C. For this purpose water is heated up to 60◦C, by
means of a boiler placed in a separated room, and is maintained circulating around
the TCS pipes at a temperature between 50◦C and 60◦C. The TCS pipes inside the
gases box are not heated with water, but by a resistor, and their temperature is
controlled by a thermometer. At normal operation the total gases flow rate at the
reactor entrance is 5.2·10−5 kg/s: 2.2·10−5 kg/s of H2 and 3·10−5 kg/s of TCS (2%
mol TCS). Hydrogen is conducted to the gases box through an independent pipes
system, and both reactive gases are mixed at the outlet of the gases box before
entering the reactor chamber.

In subsection 1.2.1 the difficulties of working with these process gases were
exposed. In order to keep the pipes clean of flammable or hazardous residues in
the downtime, nitrogen is used as purge gas. There is a secondary system of pipes
which allow nitrogen to go inside the reactor chamber. Nitrogen is not only used to
clean all TCS pipes and the reactor chamber, but also to preserve pumps and the
spectrometer equipments, whose components can be easily damaged by the process
gases. These phenomena will be explained in detail later in this subsection 2.1.1.

Boiler

The boiler is placed in a separate room and it keeps the water heated up at a
temperature above 50◦C. This heating system consists of a control box, heating
blankets and a control cabinet. The control box and the control cabinet are placed
next to the boiler. The blankets surround all TCS pipes from the bottle to the gases
box and the pipes from the reactor chamber gases outlet to the pumping system.

Gas control system

As explained above, from the bottles to the gases box each gas type is conducted
through its own pipe and mass flow controller. The control of the mass flow and the
opening of the valves to let the gases go inside the reactor chamber is done through
a LabView application. Despite that, gases will not start to pass through the valves
to the reactor chamber unless they have been also manually opened. In figure 2.3 a
photograph of the gases box is shown.
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Figure 2.3: Gases box of the laboratory Siemens reactor system.

Cooling system

The CVD reactor wall is heated due to the presence of the hot rods and it must
be kept relatively cool for safety reasons; the reactor sealing cannot withstand
temperatures above 300◦C. Therefore, a water cooling system is considered; it
consists of several circuits which cool the different areas of the prototype reactor,
and the water flow rate is controlled manually. Flow rates of each circuit vary
between 6.7-9.4·10−5 kg/s, and the inlet and outlet water temperatures are 10-13
and 23-26◦C, respectively.

Pressure measurements

The pressure value inside the reactor chamber can be set manually or by software
control; the latter is preferred (pumps would act properly to reach the value set).
Different devices are considered for pressure lectures: pressure control (MKS) for
reactor chamber measurements, and manometers for gas pipes and pressurized
bottles.
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Power unit

The power unit consists of a three-phase transformer connected to the upper and
lower electrodes of the reactor chamber, measuring the Hall’s effect current and
controlling its output voltage. Its maximum power is 30 kW, while its maximum
output current intensity and voltage are 150 A and 200 V, respectively. The
input parameter is the percentage of the maximum current intensity. Despite the
maximum power available is 30 kW, to assure the adequate behavior of the reactor
and the safety, the maximum power input considered for deposition experiments is
10 kW.

Temperature measurements

Temperature measurements in different areas of the reactor structure and of the
inner gas flux are made by thermocouples; with measurement errors considered
to be within ±10◦C. The rod(s) temperature is monitored by means of a two-
color pyrometer through a sapphire peephole placed at middle height of the reactor
chamber; with a measurement error that can be up to ±2◦C. The temperature is
assumed to be homogeneous all along the rod considering that the rods diameter
and boundary conditions in length are homogeneous. Rods temperature is directly
related to the current that passes through, thus also to the power consumption
instantly. As explained in subsection 1.2.1, it is not possible to act directly on rods
temperature but on the current intensity passing through the rods. Despite the
process is power controlled, the rods temperature measurement must be constantly
monitored to ensure that the process conditions are the desired ones.

Two-color pyrometer

The two-color pyrometer -also known as ratio radiation pyrometer- allows the
rods temperature measurement through different media: air, a sapphire peephole
and the gases inside reactor chamber. It measures the radiated energy of an object
in two narrow wavelength bands and calculates the ratio of the two energies, which is
a function of the temperature of the object. This measurement technique may reduce
or eliminate measurement error caused by changes in emissivity, surface finishing,
and energy absorbing materials (e.g., silicon deposited on the inner face of the sight
glass or the gas mixture in the reactor chamber). The ratio of the two energies
(E) measured is indicated in equation 2.1; where T is the temperature, λ is the
wavelength, ε is the emissivity, and C is a known constant obtained from calibration.
Thus, any parameter which affects the amount of energy in each band by an equal
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proportion has no effect on the temperature reading.

E(λ1, T )

E(λ2, T )
=
ε(λ1, T )

ε(λ2, T )

λ52(exp(C2/λ2T )− 1)

λ51(exp(C1/λ1T )− 1)
=
ε(λ1, T )

ε(λ2, T )
f(T ) (2.1)

In the case of a grey body material2 emissivity is independent of the wavelength
for any temperature. If a material is not a grey body its emissivity depends
on the wavelength, however the variation of emissivity with temperature can be
considered wavelength independent. Therefore, the emissivities ratio ε(λ1,T )

ε(λ2,T )
can be

considered constant. Depending on the material, on its surface preparation and on
the intermediate absorbing materials between the object and the pyrometer, this
ratio changes and it must be experimentally calibrated [Ravindra et al., 2001].

Mass spectrometer

Mass spectrometry is an analytical technique that provides information of the
different components of a gas mixture. This information can be qualitative or
quantitative. The physical principle consists of ionizing chemical compounds to
generate charged molecules or molecule fragments and measuring their mass-to-
charge ratios [Parkman, 2006]. It is mainly used for determining masses of particles
and the elemental composition of a gas sample or molecule.

The spectrometer attached to the laboratory Siemens reactor (see figure 2.4)
is a quadrupole one, meaning that its mass filter consists of four metal rods
placed parallel forming an square, and each connected to one electrode. Inside
the spectrometer chamber, and after the mass filter, there is a signal amplifier
named ‘channel-tron’. This element allows to detect gas components in a very
low percentage.

All spectrometer components are sensible to pressure and temperature working
conditions. For secure operation, pressure inside the spectrometer chamber must be
lower than 10−5 mbar, being typically around 10−6 mbar. To ensure analyzer element
life, no electrical currents above 10−5 A while operation should be reached. Ionizing
filaments are sensible to high H2 concentrations, as this gas causes filament porosity
shortening its life span. Moreover, the presence of HCl -even in very low percentage-
is highly damaging for the ‘channel-tron’. To slow down as possible these negative
effects, non-continue measurements are conducted and all spectrometer pipes and
the spectrometer chamber are purged with nitrogen between measurements.

2This concept together with others related to the thermal radiation phenomenon will be further
explained in subsection 3.1.3.
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2. CVD reactor prototypes

Figure 2.4: Quadropole spectrometer installed at the Siemens CVD system.

Despite the complex operation of a mass spectrometer and the difficulties
explained above, qualitative and semi-quantitative measurements can be carried
out -bearing in mind certain precautions-.

Data acquisition and communications system

The data acquisition and communication system facilitates the reactor operation. It
comprises the data acquisition equipment, a spectrometer-electrovalves control card,
an adaptation-stages signal and a power unit. It makes possible to control different
parameters by a LabView software application: main power unit output intensity,
pressure inside the reactor chamber and gas mass-flow units. Also, temperature and
pressure readings can be done through the software application.

2.1.2 Experimental procedure

In the experiments conducted in the laboratory scale Siemens reactor the rod(s)
are first placed vertically inside the reactor chamber and series connected to the
electrodes; a number of thermocouples for temperature measurements are also
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2.1. Laboratory scale Siemens reactor

placed inside the reactor chamber and the proper placement of the pyrometer is
verified. Then, the reactor chamber is sealed, vacuum is made inside the reactor
chamber (until 10−2 mbar of pressure is reached) and a leaking test is conducted.
Once it has been checked that the system is properly sealed, it is possible to start
the heating up of the rod(s). The rods are heated up until 600◦C in a vacuum
atmosphere; once this temperature is reached, hydrogen is introduced gradually
reaching atmospheric pressure (∼1 bar). The heating up of the rod(s) continues
until the desired deposition process temperature is reached and, at that point, TCS
gas starts to be introduced. A constant deposition surface temperature and gas
flow is maintained along the deposition process. When the rod(s) have reached the
desired final diameter the TCS flow is stopped and the cooling down of the heated
surfaces starts. The cooling down of the rods is done gradually at the same time as
vacuum is made again inside the reactor chamber. Finally, the reactor chamber is
filled with an inert gas (N2), the sealing of the chamber is broken, and the rod(s)
can be extracted. A good electrical connection between the electrodes and the rod
is key to achieve a proper heating up of the rod; and it is also important to assure a
gradual cooling down of all the system after the deposition process, to avoid internal
stresses in the rod or between the different elements due to the temperature drop.

In all experiments the rod(s) are weighted before and after the deposition process,
thus the amount of silicon deposited can be known.

Moreover, the power consumption is measured throughout the deposition
processes in the laboratory reactor. The following are monitored: the temperature
of the rods and the wall, inlet and outlet gas composition, the inlet and outlet gas
temperatures and the temperature of the gas inside the reactor chamber. Along
the deposition process certain parameters vary as a consequence of the increase of
the radiation area; thus, the total power consumed increases with time. The power
supplied changes in short steps and not steadily because of the control algorithm,
causing oscillations of the rods temperature; consequently, there are oscillations in
the measured power consumption.

2.1.3 Experiments description

In the course of this Thesis, a number of experiments have been conducted in
the laboratory Siemens prototype. Polysilicon deposition experiments are grouped
together in five different batches; each one is briefly described below. The relevant
parameters of the experiments conducted in the laboratory reactor are presented, as
well as any information considered of interest. Not all the experiments conducted
are listed, only those considered successful (relevant data and information for the
understanding of the deposition process were obtained) are presented.
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2. CVD reactor prototypes

First batch

The first batch of experiments comprises some heating-up test conducted with
one single rod configuration: a total of 10 experiments are conducted, and
all of them without polysilicon deposition (see table 2.1). The targets of this
batch of experiments cover different aspects: to measure the temperature of
the gases at the inlet and outlet for different rod temperatures, to calibrate
the pyrometer measurement by means of thermocouple backup measurements, to
compare theoretical and experimental silicon resistivity drop with temperature, and
to study the voltage drop between the electrodes and the silicon rods.

Second batch

The second batch comprises a number of deposition experiments; all these
experiments were conducted considering a single rod configuration except the last
one -which presents a 4-rod configuration-. These experiments are listed in table
2.2.

This batch of experiments is the first approach to the understanding of the
polysilicon CVD from TCS. A proper heating of the rods and the adequate control of
the temperatures of the whole system allowing polysilicon deposition are achieved.
In figure 2.5 a photograph of a polysilicon rod before and after experiment 2.6
is presented. Three relatively long experiments at different surface temperatures
are conducted; in figure 2.6 the polysilicon rods after these deposition processes
-experiments 2.2, 2.6 and 2.5 at 1000, 1100 and 1150◦C, respectively- are shown.
Three experiments considering different TCS:H2 ratios (2-4% mol TCS) are also
conducted; these experiments are numbered as 2.6-2.8 and its purpose was to
identify the deposition process parameters influenced by a change on the inlet gas
composition, and to study the deposition yield dependence. Finally, an experiment
with a 4-rod configuration was conducted -experiment 2.9- with the aim to serve
(together with experiments 2.2, 2.5 and 2.6) as a reference experiment to validate the
theoretical comprehensive model for heat loss in a Siemens reactor that is developed
in section 3.1.
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2.1. Laboratory scale Siemens reactor

Figure 2.5: Polysilicon rod before and after a deposition process conducted in the laboratory
Siemens reactor (experiment 2.6).

Figure 2.6: Polysilicon rods after deposition processes conducted in the laboratory Siemens
reactor at 1000◦C (bottom), 1100◦C (middle) and 1150◦C (top); experiments
2.2, 2.6 and 2.5, respectively.
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2.1. Laboratory scale Siemens reactor

Figure 2.7: Alumina thermal shield for one single rod configuration.

Third batch

The third batch of deposition experiments considers a single rod configuration and
an extra surface -thermal shield- (see table 2.3). Different thermal shields materials
are tested in the laboratory Siemens prototype during polysilicon deposition
experiments. An experiment with the same configuration and deposition conditions
without any shielding is also conducted; this allows to analyze the effect of the
thermal shields (these results will be described in detail in section 6.1). In figures
2.7 and 2.8 photographs of the thermal shields tested are shown.

Fourth batch

In the fourth batch more experiments with different thermal shields are conducted.
Now, a 7-rod configuration is tested and a total of 10 experiments are conducted (see
table 2.4). Silicon, alumina and stainless steel thermal shields are considered; and
two experiments with the same configuration and deposition conditions without any
shielding are also conducted. The results obtained from this batch of experiments
will be also presented in section 6.1. In figure 2.9 the 7-rod configuration before and
after a deposition experiment without thermal shield is shown; and in figures 2.10,
2.11 and 2.12 photographs of different thermal shields tested are presented.
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2. CVD reactor prototypes

Figure 2.8: Silicon thermal shield for one single rod configuration.

Figure 2.9: 7-rod configuration before and after a deposition experiment conducted in the
laboratory Siemens prototype without any thermal shield (experiment 4.3).
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2.1. Laboratory scale Siemens reactor

Figure 2.10: Multi-crystalline silicon thermal shield for the 7-rod configuration.

Figure 2.11: Alumina thermal shield for the 7-rod configuration.
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2. CVD reactor prototypes

Figure 2.12: Stainless steel thermal shield for the 7-rod configuration.

Fifth batch

In parallel to other batches, a number of experiments to study polysilicon deposition
on different geometries and alternative materials to silicon are conducted. These
experiments are framed in a research contract with an American company to develop
special ‘seeds’ for polysilicon CVD, both in the modeling and the experimental part,
that will be described in subsection 6.3.2.
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2.1. Laboratory scale Siemens reactor

2.1.4 Influence of operational variables of the laboratory
scale Siemens reactor

In this section, the approach taken to successfully achieve rod heating up and
temperature control is described, and the conditions that favor the pop-corn
phenomena to occur are explored. The influence on the growth rate of the deposition
surface temperature and the reactive gases concentration is also studied. Lastly,
chemical composition of the reactor effluent is monitored and characterized by means
of a mass spectrometer (see subsection 2.1.5).

Rod heating up, temperature control and pop-corn phenomenon

For the experiments conducted in the laboratory reactor, seed rods are initially
n-type doped. These rods are known to have resistivities between 40 mΩ·cm and
200 mΩ·cm at 300 K; which corresponds to n-type dopant concentrations between
3·1017 cm−3 and 3·1016 cm−3. Silicon converted from TCS on the rod surface
along a deposition process is dopant free. At process temperatures diffusion occurs
(deposition velocity is sufficiently low) and it is assumed that the initial dopant
of the seed rod is spread homogeneously throughout the final volume of the rod.
Anyhow, according with the semiconductor theory presented in subsection 1.2.1, at
high temperatures the rod dopant concentration hardly affects rod resistivity (see
figures 1.10 and 1.11).

For a 15-hour experiment at the typical deposition process conditions conducted
in the laboratory Siemens reactor, absolute variations detected in resistivity are
always below 0.02 mΩ·cm, in all experiments conducted if process temperatures are
above 950◦C.

Rod resistance (R) depends on its resistivity (ρ) and geometrical dimensions -
rod length (L) and cross-sectional area (A)-: R = ρL

A
. On the one hand, during

the rod heating the geometrical dimensions are constant, but the resistance will
vary due to the resistivity variation with temperature (see figure 1.11). Resistivity
increases from room temperature until temperatures around 400◦C, where it reaches
its maximum value; then, resistivity quickly decreases as the temperature increases
(as explained in subsection 1.2.1). On the other hand, once the deposition conditions
are achieved, if the deposition temperature is maintained approximately constant
during the deposition process, no changes in resistivity are expected; however, the
resistance of the rod will vary according to the rod diameter variation. Since the
rod diameter variation along a deposition process is in the range of microns per
minute, rod resistance variation will be very slow. In figure 2.13 the theoretical
and experimental variation of the resistance with the temperature of a rod (9.1 mm
diameter), and for the maximum and minimum n-type dopant concentrations of the
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2. CVD reactor prototypes

Figure 2.13: Theoretical and experimental resistances of a 9.1 mm diameter rod in the
range of 0-1200◦C. The initial resistivities at room temperature of the curves
presented are: 40, 80 and 200 mΩ·cm (orange, cyan and purple, respectively).
Experimental measurements are indicated in green.

laboratory seed rods, is presented. Experimental results correspond to a rod with an
initial resistivity at room temperature of 80mΩ·cm -included in the expected range-.

When the current intensity starts passing through the silicon rod it begins to heat
up as the same time as it becomes a better conductor. As mentioned in subsection
2.1.2, in the laboratory scale reactor it is not possible to set rod temperature as an
input parameter; this, together with the rapid changes of the rod resistance occurring
during the heating of the rod, make the initial heating up step to be critical. Rod
temperature is directly related to the current passing through it, however the relation
in between both parameters is not linear and it will vary with the maximum values
of current intensity and voltage set. A maximum value of the output voltage of the
power unit must be set to prevent transient peaks of current intensity, avoid heat
stress of the rod and, in the worst case, ward off the melting of the rod. This value
is fixed to 150-200 V depending on the number of rods considered. Notice that this
value must be also high enough to overcome the maximum rod resistance. In figure
2.14 the evolution of the values of the current intensity and the voltage of the power
unit during the rod heating from room temperature to 1100◦C are presented. It can
be observed that if initial voltage would not be limited, the first current intensity
peak (red marked) would be much higher; and likely, the rod will collapse.

Once the deposition temperature is reached, the current intensity and voltage
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2.1. Laboratory scale Siemens reactor

Figure 2.14: Power unit current intensity and voltage output values during the heating up
-from room temperature to 1100◦C- of a single rod in the laboratory Siemens
reactor.

values slightly vary as the rod diameter increases. Now, the total power input
increases with time; and -due to the resistance drop- the voltage and current intensity
are required to decrease and increase, respectively. Now, the temperature control is
not a critical issue, provided the maximum temperature reached at the rod core be
maintained below the silicon melting point (1414◦C). Despite a constant deposition
temperature at the rod surface, the temperature at the rod core increases as its
diameter does; thus the maximum rod core temperature is reached at the end of the
deposition step.

Note that pop-corn phenomenon (described in subsection 1.2.1) may also force
to stop the deposition process due to core melting risk. Experiments developed with
the laboratory reactor prove that the pop-corn phenomenon is strongly dependent
on temperature. For deposition process temperatures comprised between 1000 and
1100◦C and TCS concentrations in the range 2-4% mol, dendritic phenomenon
does not appear. For experiments developed at 1150◦C homogeneous deposition
is only achieved during the first 3-4 hours of the process; it has not been possible
to avoid popcorn in long deposition processes at temperatures above 1150◦C. In
figure 2.15 homogeneous and non-homogeneous growth obtained in the experiments
conducted in the laboratory reactor are presented. The homogeneous deposition
and the ‘pop-corn’ phenomenon can be easily recognized. In figure 2.16 enlarged
images of the homogeneous surface and the dendrites, taken by scanning electron
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2. CVD reactor prototypes

Figure 2.15: Homogeneous (left) and non-homogeneous (right) rod surfaces after polysilicon
deposition processes conducted in the laboratory reactor at 1000◦C (experiment
2.2) and 1150◦C (experiment 2.5), respectively.

microscope (SEM), are shown.

It has to be noted that since deposition processes conducted in the laboratory
Siemens reactor are relatively short -some millimeters thick deposition- core melting
risk at the end of the deposition process, or due to the dendritic growth, does not
exist in practice.

Deposition temperature and reactive gases concentration influence on the
deposition rate

Experiments conducted in the laboratory Siemens reactor can be performed at
deposition surface temperatures up to 1250◦C, and the reactive gases concentration
at the entrance of the reactor chamber can also be varied.

In order to study the influence of the temperature on the deposition rate,
experiments conducted considering a constant TCS:H2 mass ratio of 1.33:1 (2%
mol TCS) at the reactor chamber inlet are analyzed (experiments 2.2, 2.5 and
2.6). The highest polysilicon deposition rate has been measured at the highest
process temperature; which is 1150◦C and corresponds to a deposition rate of 3.9
µm/min. The polysilicon growth rate obtained at 1100 and 1000◦C is 3.38 and 2.08
µm/min, respectively. These results are presented in table 2.5; and clearly show
that the deposition rate is strongly dependent on the temperature (it rises with the
temperature as it is expected from an endothermic reaction). The higher the surface
temperature, the faster the polysilicon deposition rate (at least for the temperature
range analyzed). A 62.5% increment of the deposition rate is obtained from 1000
to 1100◦C, meanwhile only an improvement of 15.4% was obtained from 1100 to
1150◦C.
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2.1. Laboratory scale Siemens reactor

Figure 2.16: Homogeneous surface (top) and dendrites (bottom) enlarged images taken by
SEM.
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Table 2.5: Polysilicon deposition rate obtained at different surface temperatures for a
constant TCS:H2 mass ratio.

Experiment Temperature Time Si deposited Deposition rate
[◦C] [min] [gr] [µm/min]

2.2 1000 385 23.55 2.08
2.6 1100 430 50.46 3.38
2.5 1150 540 74.24 3.90

On the one hand, when the rate at which polysilicon deposition occurs is slower
than the rate at which unreacted TCS arrives, the process is limited by the surface
reaction kinetics. In this case the growth rate is primarily dependent on temperature
and reactant concentration. On the other hand, when the deposition rate becomes
faster than the rate at which unreactive TCS arrives at the surface, then the
process is mass transport limited; the growth rate depends primarily on reactant
concentration, reactor geometry and gas flow [Pan et al., 2011], [Habuka et al., 1996].
From the experiments 2.2, 2.5 and 2.6 -see table 2.5- we can state that the process
is limited by the surface reaction, as the growth rate increases if the temperature
does.

To explore the reactive gases concentration influence on the deposition rate,
different experiments were conducted at a constant process temperature of 1100◦C;
TCS:H2 mass ratio of 1.33:1, 2:1 and 3:1 (2, 3 and 4% mol TCS) were considered
(experiments 2.6-2.8). The pressure inside the reactor chamber is constant and
equal to 1 bar and the same inlet gas flow is set for all these experiments (5.2·10−5
kg/s). From the lowest to the highest TCS concentration, the polysilicon deposition
rates obtained are 3.38, 4.05 and 5.98 µm/min. Hence, deposition rate also has a
strong dependence on the TCS concentration. Again, for the TCS concentration
range studied, the higher the amount of TCS in the gas mixture, the faster the
deposition rate achieved. In figure 2.17 deposition rate dependence on temperature
and TCS:H2 mass ratio, obtained with the laboratory reactor, is presented.

Finally, the experimental results obtained -that evidence the strong dependence
of the deposition rate with the temperature and the reactive gases concentration-
are in agreement with that predicted by theory and simulations, in both trend and
magnitude [del Coso et al., 2008a], [del Coso et al., 2008b].

2.1.5 Characterization of chemical reactions monitored by a
mass spectrometer

In subsection 1.2.1 it was mentioned that multiple reactions take place inside the
reactor chamber producing a great number of by-products and products (see figure
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2.1. Laboratory scale Siemens reactor

Figure 2.17: Deposition rate dependence on the rod surface temperature and TCS:H2

mass ratio, obtained from experiments conducted in the laboratory prototype
reactor.

1.12) [Pan et al., 2011]. Some modifications were made in the mass spectrometer
to avoid the problems associated with the measurement of hydrogen (H2) and
hydrogen chloride (HCl), whose presence shortens the ionization filament life and fast
diminishes the spectrometer sensitivity, respectively. Thus, spectra characterization
of the reaction under consideration has been successfully accomplished.

In figure 2.18 a qualitative analysis of a sample of the outlet gas mixture is
presented; the fragmentation of the chemical species whose mass are in the range of
50-180 atomic mass unit (amu) -SiH3Cl, SiH2Cl2, SiHCl3 and SiCl43, among others-
is shown. If pressure set inside the spectrometer measurement chamber is increased,
the spectra obtained will present higher pick for the same y-axis scale. Then, for
an adequate lecture of the spectra -independent of the pressure in the chamber- one
must know that the mass which peak is the highest indicates in the y-axis the 100%
of the gas composition. An indication of an order or magnitude less corresponds to
a mass whose percentage of the gas mixture is 10%. Thus, two orders of magnitude
less corresponds to a percentage of 1%, and so on.

Due to the multiple sub-products of the chemical reaction that occurs inside the
reactor chamber, any mass of interest detected -silicon compounds-, other than H2

3This chemical specie is present but it cannot be appreciated in the spectra presented because
its concentration compared to the other chemical species is very small.
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Figure 2.18: Qualitative analysis with a mass spectrometer showing the fragmentation, at
the outlet of the reaction chamber, of the chemical species SiH3Cl, SiH2Cl2
and SiHCl3, among others. The spectra presented corresponds to an inlet gas
composition 2% mol TCS.

or H+, is present in the gas mixture in a percentage greater than 1%. For example,
in the spectra shown in figure 2.18, the 100% of the gas mixture corresponds to
hydrogen (amu = 2) with 2·10−8 A -current intensity-. Therefore, as the peak of the
molecule SiCl3H+ indicates 2·10−12 A, this corresponds to a 0.01%. Then, difficulties
for a quantitative analysis of the present gas mixture can be expected.

For a proper quantitative spectra analysis a gas mixture of known composition,
of the chemical species of interest, is needed. This allows a precise calibration of
the spectrometer mass detector. So far it has not been possible to obtain such gas
mixture, thereby not quantitative but semi-quantitative analysis are conducted.

Semi-quantitative results and comparison with the deposition yield

The semi-quantitative analysis involves monitoring the mass of the compounds of
interest present in a sample of the gas mixture extracted from the reactor chamber.
As ionization produces more than one ion type, a deep knowledge of the working
gases and the chemical species is needed to relate each mass detected to its parent
compound. In addition, ionization probability needs to be taken into account.
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2.1. Laboratory scale Siemens reactor

Measurements at the inlet of the reactor chamber show the TCS fragmentation
into different chemical species: SiH3Cl, SiH2Cl2 and SiHCl3. This fragmentation of
the TCS molecules occurs at the ionization chamber of the mass spectrometer, and
the presence of the chemical species SiH3Cl, SiH2Cl2 and SiHCl3 corresponds to the
percentages: 36%, 31%, and 33%, respectively. These measured percentages do not
vary for the different TCS:H2 mass ratio considered.

Yield towards reduction reaction in percentage is defined in equation 2.2. It can
also be defined as the product of conversion and selectivity, equations 2.3 and 2.4.
The polysilicon obtained after a deposition experiment -as already explained- can be
calculated by measuring the weight of the rod before and after the experiment. The
amount of TCS fed can be easily calculated if the length of the deposition process
and the TCS volumetric flow rate are known; thus, deposition yield of polysilicon
production from TCS can be calculated. To calculate TCS conversion and silicon
selectivity the TCS consumed needs to be known. TCS consumption is obtained
from the semi-quantitative measurements at the inlet and outlet of the reactor
chamber; notice that these measurements are estimates and cannot be considered
exact values since no quantitative measurements were possible.

Deposition yield [%] =
Si produced [mol]

TCS fed [mol]
· 100 (2.2)

Conversion [%] =
TCS consumed [mol]

TCS fed [mol]
· 100 (2.3)

Selectivity [%] =
Si produced [mol]

TCS consumed [mol]
· 100 (2.4)

Polysilicon deposition yield obtained from experiments 2.6-2.8 considering
different TCS:H2 mass ratios are presented in table 2.6. These experiments have been
conducted at 1100◦C. It can be appreciated how the deposition yield decreases as the
mass ratio TCS:H2 increases. When comparing the semi-quantitative measurements
for the TCS at the inlet and outlet of the reactor chamber a lower amount is
measured at the outlet; the percentage decline (conversion) of TCS measured is
shown in table 2.7.

In subsection 2.1.4 it was shown that the polysilicon deposition rate increases
if the TCS:H2 mass ratio does, while now, for higher TCS:H2 mass ratios the
deposition yield decreases. This is explained because, for the TCS:H2 range and
process conditions studied, the deposition rate is faster as the TCS:H2 mass ration
increases. In fact, the deposition yield decrement simply means that the amount
of wasted TCS increases. It should be noted that this amount is higher in our
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Table 2.6: Polysilicon deposition yield vs. TCS:H2 mass ratio at 1100◦C.

TCS:H2 Si yield [%]
1.33:1 30.3
2:1 24.0
3:1 20.8

Table 2.7: Percentage decline of the presence of TCS (conversion) from the comparison of
the inlet and outlet semi-quantitative spectrometer measurements.

TCS:H2 TCS conversion [%]
1.33:1 26
2:1 24
3:1 14

laboratory reactor than in an industrial one, because of its geometry: more than
half of the volume of the gas mixture going inside the reactor chamber never reacts
with the heated silicon rod. Therefore, a higher TCS volumetric flow rate going in
leads to a greater TCS waste.

2.1.6 Energy consumption in the laboratory Siemens reactor

The duration of the deposition processes conducted at the IES laboratories is
between 5 and 10 hours, and the growth rates are in the range of 2.1-3.9 µm/min.
These growth rates measured experimentally are 4-5 times lower than the typical
numbers in industry. Thereby, absolute numbers as kilowatts-hour per kilogram of
polysilicon obtained with the laboratory Siemens reactor are in the range of 350-400
kWh/kg, several times higher than those at the industry [Chunduri, 2013]. The bad
compactness of the single rod configuration and the process pressure -which is 6-7
times lower than in industry- explains this high energy consumption.

From the experiments conducted in the Siemens prototype reactor, in particular
for a 9-hour deposition process with a single rod configuration at 1150◦C (experiment
2.5), the percentage of the total energy consumption that corresponds to the heating
is 3.2%. The remaining 96.8% is consumed during the deposition step. The longer
the deposition process, the longer the deposition step relative to the heating step.
Scaling-up to an industrial Siemens process, the energy consumed during the heating
step can be disregarded. In any case, it should be noted that any improvement in
heat loss during the deposition step will be directly translated to heat loss reduction
during the heating step. Radiation heat loss for the laboratory scale reactor is
responsible for around half of the total energy consumed. E.g., for experiment
2.5, radiation heat loss is responsible for 47% of the total energy consumption,
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2.2. Fluidized bed prototype reactor

and conduction and convection heat loss for 52.5%. Heat transfer generation due
to chemical reactions taking place is typically disregarded, as it will be argued in
chapter 3.

The corresponding percentages for different rod configurations in the laboratory
Siemens reactor will change depending on the number of rods considered, because
of the different compactness. The same happens for industrial scale Siemens
reactors, for the latter the corresponding percentages will change, in this case
due to the different compactness and the pressure effect. Radiation heat loss is
not dependent on the pressure conditions but on the geometrical arrangement of
the rods. Conduction and convection heat loss are primarily influenced by the
gas flow conditions, where the pressure plays a relevant role. Therefore, for the
extrapolation of the percentages of radiation, conduction and convection heat loss
from the laboratory scale to the industrial one, the geometrical arrangement of the
rods and the process pressure differences must be always considered.

2.2 Fluidized bed prototype reactor

This FBR prototype reactor was design and built in the Institute of Energy
Technology in Norway to identify key challenges within the technology in order to
map out where future research needs to be focused [Filtvedt, 2013]. Several layouts
and solutions for FBRs have been proposed over the years, trying to minimize the
operation difficulties of these reactors. In this case the importance of the inlet area
of the reactor chamber to address the challenges of FBRs was identified; and a novel
design for a distribution plate is considered for the FBR prototype construction
[Filtvedt et al., 2011]. In figure 2.19 a photograph of the prototype is shown.

In the course of this Thesis it has not been directly experimented with this
prototype reactor; which explains that quite less information and data about the
FBR prototype system and its operation, compared to the laboratory Siemens
reactor, is presented. However, enough information of the FBR system, experimental
data and results -to what is here argued- were obtained in the frame of a research
collaboration.

2.2.1 System description

The FBR prototype consists of a cylindrical chamber in which the silicon beads are
deposited. The gas enters the reactor chamber through the bottom part -through a
number of holes machined on the baseplate- and the gas, together with the silicon
beads, is heated up by means of four heaters surrounding the cylindrical chamber.
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Figure 2.19: FBR prototype reactor at the ‘Institute for Energy Technology’ (IFE).

The gases go out through the upper part, cross a particle filter and are directed to
a scrubber -for their neutralization- before reach the exhaust to the air.

The inlet temperature of the gas needs to be maintained below the point of
MS decomposition; which is generally achieved by cooling the distribution plate.
However, in order to maintain control of the gases inlet temperature, in the
case of the FBR prototype the approach is to insulate the bottom surface of the
reactor limiting the thermal exchange. Further, the prototype is equipped with the
possibility of reactant preheating; in which case the preheating of the gas occurs
before the insertion to the bed. In figure 2.20 an sketch of the FBR reactor design
is presented.

With the aim of retrieving data not obtainable in industrial reactors -due
to contamination issues-, the reactor was equipped with both temperature and
pressure sensors directly into the bed. In addition to pressure and temperature
monitoring, thermal imaging, mass spectrometry, optical microscopy and x-ray
powder diffraction (XRD) are used to understand the process and characterize the
produced material. Further information and data can be found in [Filtvedt et al.,
2013], [Filtvedt et al., 2011].
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Figure 2.20: Sketch of the FBR prototype reactor [Filtvedt et al., 2012b].
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2.2.2 Experimental procedure

The typically initial beads diameter is 200 µm. The fluidizing gas can be either
nitrogen, hydrogen or a mixture of both. Once a good fluidization is achieved
and the deposition temperature is reached, the reactive gas -MS- is introduced and
the decomposition starts. MS concentration varies in the range of 5-20%, and the
inlet flow rates are typically between 7.1·10−4 - 3.1·10−3 kg/s. The final size of the
particles in processes conducted in the FBR prototype is in the range of 300-500 µm
and deposition processes length is between 8-25 hours.

The deposition temperature, the involved gas and solid velocities, and
concentration of the involved species are crucial elements in determining the type
of growth and ultimately the product quality [Filtvedt et al., 2012b].

2.3 Conclusions

At the ‘Instituto de Energía Solar’ (IES) there is a laboratory Siemens reactor, and at
the ‘Institute of Energy Technology’ (IFE) there is a FBR prototype. Both reactors
allow polysilicon CVD research to be carried out. Industrial working conditions can
be reproduced in the CVD prototypes (except the working pressure); and prototypes
results can be satisfactorily extrapolated to the industry and serve to address the
key challenges within each technology.

In this chapter the global system that makes possible the proper operation with
the laboratory Siemens reactor has been presented, together with the experiments
conducted. These experiments prove the satisfactory operation of the reactor, and
allow to acquire a knowledge about the influence of some relevant variables. In
particular, rod heating and temperature control with the laboratory prototype are
successfully achieved, and some conditions that favor the pop-corn phenomena to
occur are identified. The growth rate slows down in the low temperature regime
(deposition surface at 900-1000◦C), while it increases in the high temperature regime,
above 1100◦C. In addition, deposition rate also has a strong dependence on the TCS
concentration; for the TCS concentration range studied, the higher the amount of
TCS in the gas mixture, the faster the deposition rate achieved. Lastly, chemical
composition is monitored and qualitative and semi-quantitative characterized by
means of a mass spectrometer; and the polysilicon yield is obtained.

Further, the FBR prototype at the IFE facilities is presented and its main
process parameters described. Big differences can be appreciated between both
CVD prototypes: process temperature, reactive gases or deposition surfaces, among
others.
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CHAPTER

THREE

Heat loss phenomena in CVD reactors

In this chapter the heat loss problem associated with polysilicon CVD is addressed.
The energy consumption is obtained applying the law of conservation of -either
the internal or total- energy to a volume element, and the relevant heat loss
contributions to each particular reactor, the Siemens reactor and the FBR, are
identified. Moreover, a detailed theoretical model specifically for the Siemens reactor
is developed.

3.1 Heat loss in a Siemens reactor

To evaluate the different contributions to the energy consumption in a Siemens
reactor, first the temperature distribution needs to be known. The internal energy
balance equation can be easily expressed in terms of temperature; it is obtained
subtracting the kinetic energy balance equation from the total energy balance
equation [Costa et al., 1984]. Thus, this equation is applied to a stationary volume
element (VE), through which a moving fluid can be defined [Bird et al., 2007]. This
volume element is a cylinder whose radius is defined by half the distance between
either two seed rods; the center of the silicon rod is situated along the longitudinal
axis of the cylinder and the reaction gases are flowing through the space between
the rod surface and the cylinder limits (see figure 3.1).

The internal energy balance equation applied to the described system leads to
equation 3.1.

ρcP
DT

Dt
= −∇qc + ~R : ∇~u− ∂ ln ρ

∂ lnT
· Dp
Dt

+
∑

~ji ~fei +
∑

hi(∇ · ~Ji −Ri) (3.1)

The term on the left hand side of equation 3.1 corresponds to the accumulation
of internal energy -where forced convection is included-, and the first term on the
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Figure 3.1: VE for a single rod in a Siemens reactor.

right hand side corresponds to the heat transfer by molecular transport due to
temperature gradient (conduction). The second term on the right side of equation
3.1 is the dissipation term, the third is the natural convection, and the fourth is the
work done on the system by external forces. Finally, the the last term corresponds
to the enthalpy transport by molecular diffusion and to the energy generation due
to the chemical reactions [Costa et al., 1984]. Note that heat transfer by radiation
does not appear in the internal energy equation, as it has a negligible influence on
the gas temperature distribution. But the heat transfer by radiation that leaves
one rod and reaches any other surface cannot be neglected, and its contribution will
be considered for the total energy consumption calculations -it will be calculated
separately evaluating the radiative heat flux exchanged between the rods and the
reactor wall [del Coso et al., 2011]-.

Polysilicon deposition is quite a slow process -it is in the range of microns per
minute (µm/min)-: once the desired deposition temperature has been reached and
after an equilibration time, the spatial distribution of temperatures does not change
any further [Rosner, 2000]. The problem is therefore considered to be a quasi-steady-
state process, so that the time derivative is zero. The dissipation term, such as the
external forces, can be neglected. The heat of the reactions has a negligible influence
on the gas temperature distribution; in addition, the reagent TCS is highly diluted,
hydrogen absorbs the changes so that there is virtually no change in composition.
Therefore, the second, the third and the last term in equation 3.1 are hereafter
disregarded.
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3.1. Heat loss in a Siemens reactor

Finally, the internal energy equation for molecular transport and mass transport
mechanisms applied to the gas region of the VE -expressed in terms of temperature-
leads to equation 3.2.

ρcP
DT

Dt
= −∇(k∇T ) (3.2)

It has to be noticed that the electrical power consumed instantaneously along a
CVD process must compensate all heat loss through the VE boundaries. From the
reasoning above, the net heat loss is the sum of radiation, conduction and convection
heat loss, where the latter two occur via gases.

Radiation heat loss is calculated separately from the thermal energy equation
for molecular transport and molecular mechanisms, and is dealt with at the end
of this section. Convection and conduction via gases must be jointly considered as
shown in equation 3.2. In a gaseous system, heat transfer tends to be dominated by
convection, and conduction through gases is neglected in many analysis. However,
in the present case, both phenomena are studied together and neither can be
disregarded, as will be shown later.

The silicon rod surfaces are kept at high temperature to allow the deposition
reaction to occur, and the reactor wall is kept cooled at a constant temperature of
around 100◦C. Therefore, the gases flowing through the reactor chamber present a
temperature distribution according to the rods and wall temperatures. The gas
mixture properties, such as thermal conductivity (k), specific heat at constant
pressure (cP ) and density (ρ) are dependent on the gas temperature at the working
conditions of pressure. In equation 3.2, all parameters can be known or are expressed
as function of temperature. Therefore, the temperature distribution can be obtained.
Once the temperature distribution is known, convection and conduction heat loss
can be calculated.

A temperature gradient exists in the radial direction (r). Due to the cylindrical
symmetry of the problem, and disregarding inlet and outlet effects, the temperature
distribution in the angular T (θ) and vertical T (z) directions are assumed to be
constant. The gas properties k, cP , ρ are calculated using the equations for the
gas mixture properties appearing in [Poling et al., 2011]. When performing the
calculations presented here, it has been checked that all values obtained are in
agreement with other bibliographic sources [Poling et al., 2011], [Infotherm, 2013].
It must be pointed out that the gas properties vary appreciably with temperature,
but not with pressure in the range 1 to 7 bar. The gas velocity is assumed to move
parallel to the rod surface (~v = U∞~z). U∞ is considered to be constant and equal
to the free stream velocity. Gas velocity at the rod surface and the reactor wall is
zero to accomplish continuity and momentum equations at that point. In addition,
the boundary layer thickness is at least two orders of magnitude lower than the
VE radius (r1); its effect on heat loss by convection calculations will be considered,
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but, for simplicity, it can be neglected for this first calculation to obtain the gas
temperature distribution. By developing equation 3.2 and considering the particular
conditions of the problem, equation 3.3 is obtained. r corresponds to the radial
coordinate, and the boundary conditions needed to solve this differential equation
are the temperature at the rod surface, T (r = r0) = T0, and at the boundaries of the
VE, T (r = r1) = T1. Notice that the pressure is considered constant in all spatial
coordinates, so the corresponding term has disappeared and the natural convection
term can be neglected to resolve a simplified mathematical model. Note that this
term can be considered for the convection heat loss calculations, if necessary, and it
will be in our model. Moreover, the terms ∂k

∂T
, ∂cP
∂T

and ∂ρ
∂T

are neglected since the
functions ρ(r), k(r) and cP (r) are known and their derivatives are three orders of
magnitude lower than their respective absolute values.

ρcPU∞
∂T

∂r
+

1

r
k
∂2T

∂r2
= 0 (3.3)

From the above, convection and conduction heat loss phenomena must be studied
together and none can be disregarded [Ramos et al., 2014]; to obtain convection and
conduction heat loss, first equation 3.3 needs to be solved and the radial temperature
distribution obtained.

3.1.1 Convective heat loss model

Convective heat loss can be calculated starting from the gas temperature
distribution. This heat transferred between a surface and a moving fluid is a
combination of molecular diffusion due to the concentration gradient -perpendicular
to the gas flow- and bulk motion of molecules -parallel to the gas flow-. The flow
velocity near the surface is low -diffusion dominates-, and as we move away from
the surface the bulk motion increases and it becomes the dominating force. As
described above, the velocity of the fluid layer in contact with the surface is zero
(non slip condition); and the heat transferred is defined as the heat flow rate by
conduction inside the solid that reaches the solid surface and goes from there to the
bulk fluid by convection. To calculate it, the thermal conductivity of the solid surface
and the thermal boundary layer (BL) need to be known. Thermal boundary layer
calculations are not straightforward [Chapman, 1984], [Schilichting, 1968]. Heat
transfer by convection, in Watts per unit area, can be calculated if the convection
coefficient (h), the temperature at the rod surface (Ts) and the average temperature
of the free stream (T∞) are known, as expressed in equation 3.4.

Qconvection = h · (Ts − T∞) (3.4)

First, h should be approximated for the geometry and flow conditions under
investigation in order to apply equation 3.4. Different procedures exist to establish
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the convection coeffcient h: a combination of dimensional analysis and experiments,
exact mathematical solutions of the boundary layer equations, approximated
analysis of the boundary layer equations -integral methods-, heat transfer and linear
momentum analogy, and numerical analysis. Exact solutions only exist for a few
geometries and flow conditions; in particular, they exist for a cylinder in parallel
flow [Kreith and Bohn, 2002b]. So we can model the convention phenomenon in a
Siemens reactor through an analytical solution supported with experimental data.
To the author’s knowledge this is the first time such a model has been applied to
convective heat loss in a Siemens reactor.

Flow conditions must be analyzed. Flow conditions are defined by means of
several dimensionless numbers. The relevant ones to the present case are Reynolds
(Re), Prandtl (Pr), Grashof (Gr) and Nusselt (Nu) numbers. These are defined in
equations 3.5 to 3.8.

Re =
(U∞L)

ν
(3.5)

Pr =
(cPµ)

k
(3.6)

Gr =
gβ(Ts − T∞)L3

ν2
(3.7)

Nu =
(h · L)

k
(3.8)

For given flow conditions, Re gives a measure of the ratio of inertial forces to
viscous forces, Pr gives the ratio of momentum diffusivity -kinematic viscosity-
to thermal diffusivity, Gr approximates the ratio of the buoyancy to viscous force
acting on a fluid, and Nu is the ratio of convective to conductive heat transfer
normal to the surface-fluid interface. Inlet gas conditions define the free stream
velocity (U∞) and the volumetric thermal expansion coefficient (β = 1

T∞
); where T∞

is the averaged temperature of the gas main stream. The geometry of the problem,
the gas properties and the boundary conditions -pressure (p) and temperatures (Ts,
T∞)- must be known.

Convective heat transfer may take the form of either forced or natural -free-
convection. Forced convection occurs when a fluid flow is induced by an external
force, and natural convection is caused by buoyancy forces due to density differences
caused by temperature variations in the fluid. From Navier Stokes’ boundary-layer
equation, it is realized that the relationship between Gr and Re shows a qualitative
indication of the influence of buoyancy on the forced convection flow conditions.
Exact solutions only exist if either of the following three conditions are fulfiled
[Schilichting, 1968], [Gebhart, 1970]:

61



3. Heat loss phenomena in CVD reactors

a) Gr ≤ 0.150Re2 and Gr < 108

b) Gr > 0.007Re2.5 and Gr > 108

c) Gr < 0.0016Re2.5 and Gr > 108

Cases a) and c) are considered forced convection -natural convection below
10%-. Case b) corresponds to natural convection -forced convection below 10%-.
Relations in between cases b) and c) are considered combined convection; no exact
solutions exist for this combined case. Due to the nature of the CVD process in a
Siemens reactor, both forced and natural convection phenomena must be considered
[Schilichting, 1968], [Gebhart, 1970]. The flow conditions determine whether or not
an exact solution, such that Nu = f(Re,Gr, Pr. . . ), can be found.

It is necessary to distinguish laminar from turbulent flow in natural or forced
convection regimens. For Re > 106 and Gr > 109, it is assumed that there is
turbulent flow, and for Re < 105 and Gr < 5 · 108, there is laminar flow [Chapman,
1984]. Thus, depending on the flow regime, and for fixed geometrical conditions,
once the analytical solution is known, the relation between the Nu, Pr, Gr and
Re numbers is also known. The last three dimensionless numbers can be calculated
from the geometry of the problem, the pressure and the temperature conditions,
and the gas properties. Nu = f(Pr,Re), Nu = f(Pr,Gr) or Nu = f(Pr,Re,Gr)
depend on the flow conditions: forced, natural, or combined forced and natural
convection, respectively. Thus, Nu can be calculated. The convection coefficient (h)
can be calculated from 3.8, given that the characteristic length (L) and the thermal
conductivity of the gas (k) are known. Notice that accuracy of h calculations tends
to be under 20% due to the experimental data variation [Chapman, 1984]. Once h
has been obtained, equation 3.4 can be applied for convection heat loss calculations.

3.1.2 Conductive heat loss model

Once the temperature distribution in the gas surrounding a silicon rod is obtained,
conductive heat loss through the gases can be calculated from the Fourier’s law if
the geometry, the boundary conditions and the gas properties are known [Kreith and
Bohn, 2002a]. The heat transfer by conduction is governed by partial differential
equations, which can be solved through standard methods [Carslaw and Jaeger,
1986]. Equation 3.9 shows the general expression for conductive heat loss in Watts
per unit area at steady-state without internal heat generation. Again the boundary
conditions needed to solve this equation are the temperature at the rod surface,
T (r = r0) = T0, and at the volume boundaries, T (r = r1) = T1.

Qconduction = −k∇T (3.9)
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Due to the cylindrical symmetry of the problem, equation 3.9 can be reduced for
the present case to equation 3.10.

Qconduction = −k
r

∂(rT )

∂r
(3.10)

3.1.3 Radiation heat loss

The radiation heat loss model for heat loss calculations in a CVD reactor for
polysilicon production was already developed in [del Coso, 2010] and it was further
developed within the framework of this Thesis. In this section, the radiative
heat transfer phenomenon is briefly described and the radiation heat loss model
is presented. Then, limitations of the model are put forward; that justify the novel
contribution to the radiation heat loss model developed -and presented in section
6.2-.

Radiative heat transfer

Radiative heat transfer -also known as thermal radiation- describes the science
of heat transfer caused by electromagnetic waves. These electromagnetic waves
have the property of travelling through vacuum or matter-containing media. The
temperature of the radiant body governs the thermal radiation emission, and it
occurs in the 0.1 to 100 µm wavelength range [Kreith and Bohn, 2002c], [Modest,
2003]. It is not the aim of this section to explain in detail the thermal radiation
phenomenon, but to describe a number of concepts and properties of the radiation
heat transfer mechanism -to support the novel contribution to the radiation heat
loss model described in 6.2-.

In relation with the radiation properties, four dimensionless magnitudes are
defined: absorptance (α), reflectance (ρ), transmittance (τ) and emissivity (ε).
Absorptance, reflectance and transmittance are defined as the ratio of the total
amount of radiation absorbed, reflected or transmitted by a surface to the total
amount of radiation incident on the surface, respectively. The emissivity1 is defined
as the ratio of the power per unit area radiated by a surface to the power per
unit area radiated by a black body at the same temperature. These properties for
real surfaces are dependent on temperature, direction and wavelength. Applying the
energy balance to any real surface the relation indicated in equation 3.11 is obtained.

α + ρ+ τ = 1 (3.11)
1Some authors refer to this parameter with the name ‘emittance’. In this work no difference

in between emissivity and emittance is considered; however, rigorously a subtle difference between
the two exist.
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Figure 3.2: Black body spectral radiated power at different temperatures [Kreith and Bohn,
2002c].

In addition, according to Kirchhoff’s law, all opaque surfaces (τ = 0) accomplish
ελ(λ, T ) = αλ(λ, T ) [Kreith and Bohn, 2002c], [Modest, 2003].

A black body is defined as any body that emits and absorbs the maximum
possible radiation in all wavelengths, that is: α = 1, ρ = τ = 0. Plack’s law
defines the spectral radiated power of a black body. In figure 3.2 Plack’s law for
different black body temperatures is presented. In addition, according to the Stefan-
Boltzmann’s law the expression for the total radiation emitted per unit area of a
black body is indicated in equation 3.12.

Eb(T ) = σT 4 (3.12)

However, the majority of the surfaces do not behave as black bodies; thus, the
grey body concept arises. A grey body is any opaque body (τ = 0, α + ρ = 1)
whose reflectance, absorptance and emissivity properties are non dependent on the
wavelength. Many real surfaces behavior can be approximated to that of a grey
body; in equation 3.13 the expression of the total radiation emitted per unit area of
a grey body is presented.

Eg(T ) = εgσT
4 (3.13)

The parameter εg corresponds to the emissivity of a grey body.
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3.1. Heat loss in a Siemens reactor

But, being more rigorous, real surfaces do not necessary behave as grey bodies,
and their properties vary with the wavelength for a fixed temperature. These
surfaces radiate a different fraction ελ at each wavelength; thereby, the expression
of the total radiation emitted per unit area of a real surface is indicated in equation
3.14. Notice that the parameter εr in equation 3.14 is calculated by means of
equation 3.15; that is, integrating ελ along all the radiation spectrum.

Ereal(T ) ∼= εrσT
4 (3.14)

εr =

∫∞
0
ελEbλ dλ∫∞

0
Ebλ dλ

(3.15)

Real material properties

As said above, radiative properties of real materials do not necessary behave as
those of grey bodies; however, for radiative heat transfer calculations the grey body
approximation is acceptable. The difficulty is now to know the radiative properties
of a selected material in the working conditions. Reflectance (ρλ) and transmittance
(τλ) of real surfaces can be determined by means of Fourier transform infrared
spectroscopy (FTIR)2; thus, from equation 3.11 absorptivity (αλ) can be obtained.
But these measurements can be only developed at room temperature; no widespread
techniques for radiative properties measurements at high temperatures exist. The
latter makes quite difficult to know the radiative properties of real materials at
high temperature. It is true that for certain materials, in particular for some
metals, is acceptable to consider that their radiative properties keep constant with
temperature, although this cannot be easily generalized [Modest, 2003], [Paloposki
and Liedquist, 2005], [Kennedy, 2002].

Radiation heat loss model

For radiation heat loss calculations one parameter needs to be defined: radiosity
(J), the rate of outgoing radiant heat per unit area from a surface. It is the sum of
the directly emitted heat flux and the incoming radiant heat flux proportionally to
the surface reflectivity; see figure 3.3.

2Technique used to obtain an infrared spectrum of absorption, emission or photo-conductivity
of a solid, liquid or gas.
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Figure 3.3: Diagram of the outgoing radiant heat flux per unit area from any surface
(radiosity).

The directly emitted energy flux per unit area (E) is dependent on the surface
emissivity (ε), the surface temperature (T ), and the Boltzmann constant (σ). In
equations 3.16 and 3.17 the expressions for the directly emitted energy flux and the
radiosity, respectively, are presented. Thereby, radiosity (J) also depends on the
parameters ε, T , and σ; and furthermore, on the surface reflectivity (ρ) and the
incoming radiant heat flux per unit area (G). The directly emitted energy flux, the
radiosity and the incoming radiant heat flux per unit area are expressed in Watts
per square meter ( W

m2 ).

E = ε · σ · T 4 (3.16)

J = E + ρ ·G (3.17)

The surface reflectivity can be defined3 as: ρ = 1−ε, then, the incoming radiant
heat flux per unit area can be expressed as shown in equation 3.18.

G =
1

1− ε
· (J − E) (3.18)

The net heat flux exchanged (Q) in Watts by any surface (Si), is obtained from
the difference between the radiosity and the incoming radiant heat flux. In equation
3.19 the expression for the radiation heat loss of any surface, that is the net heat
flux exchanged by the surface, is presented.

Qi = Si · (Ji −Gi) (3.19)
3This relation can be stated for opaque materials. The optical properties of real materials are

further explained in section 6.2.
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3.1. Heat loss in a Siemens reactor

In a system with n surfaces, to calculate the radiation heat loss of any surface, the
relation between the radiosity and the incoming radiant heat flux of the n surfaces
must be known. Now, a new parameter appears: the configuration factor, Fi−j (also
known as view factor). Fi−j is defined as the fraction of energy leaving a certain
surface i that arrives at another surface j. For example, to calculate the incoming
radiant heat flux from one rod j to another rod i the radiosity of the surface j is
weighted by the fraction of energy leaving the surface j that reaches the surface i
(Fj−i). In equation 3.20, the expression that relates the radiosity and the incoming
radiant heat flux between the surfaces i and j is presented.

Gi = Fj−i · Jj (3.20)

The calculation of the configuration factor is done using a geometric method
called Hottel’s crossed-string method [Siegel and Howell, 1972]. Then, the net
radiation heat flux exchanged for a certain surface i can be expressed as shown in
equation 3.21. Note that for a Siemens reactor the reactor wall must be considered
as an additional surface.

Qi = Si · (Ji −Gi) = Si · Ji −
n∑
j=1

Sj · Fj−i · Jj (3.21)

For a Siemens reactor of n-1 rods, a n-equations system (equation 3.22) needs to
be solved. Equation 3.22 is obtained combining equations 3.19 and 3.21. Radiosities
of each surface (Ji) are the unknowns of the system. The temperature of the
rod surfaces and the reactor wall is known, as well as the corresponding surface
emissivities.

Si ·
1

1− εi
· Ji −

n∑
j=1

Si · Fi−j · Jj = Si ·
εi

1− εi
· σ · T 4

i i = 1, ..., n (3.22)

Once Ji is obtained for the n surfaces, the incoming radiant heat flux per unit
area (Gi) is also known (equation 3.18). Thereby, the net radiation heat exchanged
by each surface (Qi) is obtained substituting Ji and Gi in equation 3.19.

This radiative model allows considering extra surfaces or different materials
(defined by their optical properties) in the Siemens reactor, and studying the positive
or negative effect on heat savings of such modifications. That can be the case of a
thermal shield.

A thermal shield is a cylinder surrounding the polysilicon rods and placed
between them and the reactor wall. The presence of this shield may block an
important part of the radiated heat that otherwise is lost through the reactor wall.
If considering now m-1 rods, m to n-1 thermal shields and being n the reactor wall,
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3. Heat loss phenomena in CVD reactors

the heat balance equation for the m-1 rods and the heat balance for every thermal
shield can be expressed as shown in equations 3.23 and 3.24, respectively. Jm is the
radiosity of the inner surface of the thermal shield, the one facing the polysilicon
rods.

Si ·
1

1− εi
· Ji −

m∑
j=1

Si · Fi−j · Jj = Si ·
εi

1− εi
· σ · T 4

i i = 1, ...,m− 1 (3.23)

Sm ·
1

1− εm
· Jm −

m∑
j=1

Sm · Fm−j · Jj = Sm ·
εm

1− εm
· σ · T 4

m (3.24)

The expression for radiant heat transfer (qm) between two thermal shields,
considered as two infinitely long cylinders is presented in equation 3.25 [Siegel and
Howell, 1972]. εs corresponds to the emissivity of the thermal shields -all thermal
shields having the same emissivity- and εn is the emissivity of the reactor wall.

qm =
σ(T 4

n − T 4
m)

1
Sm·εs + 1

Sn
· ( 1

εn
− 1) + ( 2

εs
− 1) ·

∑n−1
i=m+1

1
Si

i = m, ..., n− 1 (3.25)

qm cannot be evaluated directly because the temperature of the first thermal
shield (Tm) is unknown. The heat exchanged by the first thermal shield can be also
obtained by means of equation 3.26.

qm = Sm ·
εs

1− εs
· (σT 4

m − Jm) (3.26)

Combining equations 3.25 and 3.26, equation 3.27 is obtained, in which the
parameter γ is the denominator of equation 3.25.

(Sm ·
εs

1− εs
+

1

γ
) · σT 4

m − Sm ·
εs

1− εs
· Jm =

σT 4
n

γ
(3.27)

Finally, equations 3.23, 3.24 and 3.27 define the equation system to be solved.
The unknowns of the n-equation system are the radiosities (Ji) of the surfaces i =
1, ...,m and the temperature of the inner shield (Tm).

Detailed application of this model and numerical results for the radiation heat
loss calculations for three state-of-the-art industrial size reactor configurations can
be found in [del Coso, 2010]. Further, in chapter 4 calculations of radiation heat loss
of the laboratory scale and an industrial Siemens reactor are developed; a sensitivity
analysis of the effect on radiation heat savings of varying a number of parameters
and considering different thermal shields is presented. The novel contribution to the
radiation heat loss model described, and applied for a Siemens reactor, is presented
in section 6.2.
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3.2 Heat loss in a FBR

Phenomena responsible for the energy consumption of FBRs are again radiation,
conduction, convection heat loss and the heat generation of the chemical reactions
taking place. Now, radiation and the heat transfer due to convection are the most
important contributors [Kleijn, 2000], [Jianlong et al., 2011].

The process of MS decomposition into elemental silicon and hydrogen is weakly
exothermic. However, not all intermediate reactions are exothermic, so the
decomposition may not give a net heat contribution in all parts of the reactor.
The primary heat loss will be cooled surfaces as well as heating of the incoming
gases. The layout of the reactor and the hydrogen to MS ratio will therefore be
important in how low energy consumption will be possible for the specific setup.

Due to the complexity of a fluidized bed and the presence of a large number
of dynamic particles consuming energy, a computational fluid-dynamics (CFD)
software is a more appropriate tool for developing a heat loss model of a FBR.
In section 5.4 the FBR prototype is been investigated by means of a CFD model.

3.3 Conclusions

In this chapter, contributions to the energy consumption of polysilicon CVD
processes -Siemens reactors and FBRs- are put forward. Phenomena responsible for
the energy consumption in CVD reactors (radiation and, conduction and convection
via gases heat loss) are identified, by means of applying the law of conservation of
energy to a volume element (VE).

Models for radiation, conduction and convection heat loss in Siemens reactors are
presented; shaping a comprehensive theoretical model for heat loss. From the energy
balance equation applied to a Siemens reactor the temperature distribution in the
gas surrounding a polysilicon rod is calculated. Once the temperature distribution
is obtained, conductive heat loss through the gases are calculated from the Fourier’s
law. Convective heat loss are also calculated starting from the gas temperature
distribution; but first the convection coefficient needs to be calculated. The model
here presented for convection heat loss has found a known analytical solution
(cylinder in parallel flow) acceptable to approximate the convection coefficient for the
geometry and flow conditions under investigation. In a Siemens reactor natural and
forced convection coexist. Radiation heat loss is calculated separately. Radiation
heat loss is strongly dependent on the surface temperature, as well as on the rods
arrangement and the properties of all surfaces involved.
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CHAPTER

FOUR

Validation of the comprehensive model for
heat loss in a Siemens reactor

In this chapter the work done to validate the comprehensive model for heat loss
introduced in section 3.1 is presented, it is applied to the laboratory Siemens reactor
and if the theoretical results are in agreement with the empirical experience is
analyzed.

Next, radiation and convection heat loss models are extended to heat loss
calculations in an industrial Siemens reactor.

4.1 General considerations

For the comprehensive model validation, equations presented in 3.1 are solved for a
number of diameters; starting with the initial rod diameter and ending with the
final one. Deposition process conditions correspond to those of real deposition
experiments conducted in the laboratory Siemens reactor.

As explained in subsection 2.1.2, in the experiments conducted in the prototype
the power consumption is measured throughout the deposition process and the
temperature of the rods and the wall, inlet and outlet gas composition, the inlet and
outlet gas temperatures and the temperature of the gases inside the reactor chamber
are monitored. Since supplied power changes in short steps, it causes oscillations
of the rods temperature; temperature oscillations are around 15◦C, resulting in a
maximum experimental error of the power consumption measured of 4.5%. The
reactor wall and rods emissivities are taken from literature values for stainless steel
and silicon, being equal to 0.5 and 0.7, respectively. All numerical results correspond
to the particular geometry of the laboratory scale Siemens reactor. Note that the
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4. Validation of the comprehensive model for heat loss in a Siemens reactor

rod diameter growth cannot be measured during a deposition process, but it can be
calculated when the process ends.

4.2 Radiation heat loss model validation

Convection and conduction heat loss via gases can be calculated from experimental
data after the deposition process end. The power lost instantly due to these
phenomena depends on: inlet and outlet gas temperatures, the heat capacity at
constant pressure of the gas mixture and the mass exchange between the inlet and
the outlet. The total power consumption is known by means of the power supplied
by the power unit. Convection and conduction heat loss obtained are subtracted
from the measured power consumption, resulting in the radiation heat loss. This
subtraction is compared with the theoretical calculations for radiation heat loss.

4.2.1 Experimental results for model validation

Two different configurations with one and four rods were reproduced in the prototype
reactor to validate the theoretical model. They are sketched in figure 4.1. Due
to functional requirements, the two configurations differ in both the length of
the rods and their initial and final diameters. This does not present a problem,
since the purpose of this experiment is to validate the model and not to make
comparisons between different configurations. It should be observed that a single
rod configuration has a lower compactness (e.g., a larger distance between the rod
surface and the reactor wall) than the many-rod configurations favored in industry.
The effect of this on the total power consumption is also discussed in this and the
following sections.

Figure 4.1: Configurations reproduced in the CVD prototype. One single rod (1) and 4-rod
(2) configurations.
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4.2. Radiation heat loss model validation

Single rod configuration

In figure 4.2 theoretical and experimental results for the radiation heat loss obtained
for one single rod configuration (experiment 2.6), expressed in W/m2, are presented.
The crosses show the measured radiation heat loss as a function of the rod diameter
over the course of a single experiment. The solid line shows the respective values
predicted using the model. The deposition time shown is around 7 hours, the initial
rod diameter is 0.74 cm, the length of the rod is 53 cm and the temperature of the
rod surface is kept between 1130 and 1180◦C.

Good agreement is observed between the measured and predicted values. The
oscillations that can be observed in figure 4.2, which correspond to temperature
oscillations in the rod, are due to the power unit control algorithm -explained in
subsection 2.1.2-. These oscillations are in the worst case under 2.5%. In terms of
power per unit area, the maximum difference between the theoretical calculations
and the experimental measurements is 8.3%. The difference between the values
averaged over the deposition process is under 1%. The average radiation heat loss per
unit area measured is 1.564·105 W/m2 and the theoretical model predicts 1.551·105
W/m2: a difference of 0.5%.

Figure 4.2: Radiation heat loss measured (crosses) and theoretical (solid line) for one single
rod. Experimental data correspond to experiment 2.6.
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4-rod configuration

In figure 4.3, the measured and predicted results for the 4-rod configuration are
presented. The deposition time is around 7 hours and the temperature of the rods
surface is kept between 1145 and 1185◦C. No deviation in temperature is expected
between the four rods due to the symmetry of the arrangement. The initial diameter
of the rods is 0.17 cm and the length of the rods is 12 cm. Depending on the rods
placement inside the reactor chamber, power loss through radiation changes [Ramos
et al., 2012a]. In this case each rod is placed at the corner of a 2 x 6 cm side
rectangle. This disposition is chosen due to electrical needs but if a disposition with
shorter -longer- distance between the rods were selected, the radiation power loss
would decrease -increase-, consequently with the change of the geometrical factors.

For this configuration both curves represented in figure 4.3 are again quite close.
The maximum difference between the theoretical calculations and the experimental
ones is 16.3%. The difference between the values averaged over the deposition
process is about 3.8%. The average measured radiation heat loss per unit area
along the deposition process is 1.731·105 W/m2, that compared to 1.668·105 W/m2

for the theoretical model results in 3.6% difference.

Figure 4.3: Radiation heat loss measured (crosses) and theoretical (solid line) for 4 rods.
Experimental data correspond to experiment 2.9.
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4.2.2 Discussion

From the results presented above, the theoretical model for radiation heat loss in a
Siemens reactor can be considered empirically validated. For both configurations,
deviation between measured and theoretical results is under the measurement error.
For the model validation through the laboratory scale prototype it is not necessary to
reach the relevant rods diameters at industry because the accuracy of the theoretical
model does not change with the rods diameter. So that an experiment of several
hours is sufficient to see that the diameter growth adheres to the trend of the
theoretical model. Experimental measurements are expressed in Watts per square
meter -W/m2-, thus, we compare those numbers for two different configurations and
the model results, respectively. Absolute numbers as kilowatts-hour per kilogram
of silicon -kWh/kg- obtained for radiation heat loss with the laboratory prototype
are several times higher than those in industry due to the bad compactness of the
configuration design, as explained in 2.1.6.

4.3 Conduction and convection models validation

Now, experiments have been conducted in the laboratory Siemens reactor using a
single rod configuration -experiments 2.2, 2.5 and 2.6-, which correspond to the
configuration (1) in figure 4.1.

4.3.1 Laboratory Siemens reactor convection heat loss

All the parameters needed for theoretical calculations are known: the inlet gas
velocity, the temperatures, the gas properties, etc. The inlet gas velocity is assumed
constant along the deposition process, the gas flow is kept constant and the flow
area variation along the process can be neglected. The mass ratio (TCS:H2) of
the reactive gases, for the values below, is 1.33:1, and the working pressure is 1 bar.
The dimensionless numbers Pr, Re and Gr for the laboratory Siemens prototype are
calculated for different temperatures; their corresponding values for temperatures in
the range 50-300◦C are shown in table 4.1.

The relationship Gr > 0.007 · Re2.5 is satisfied for all process conditions along
a deposition process. Therefore, based on [Schilichting, 1968], [Gebhart, 1970],
the flow conditions of the CVD process in the laboratory prototype are natural
convection. Being that Gr > 109 for gas temperatures below 125◦C and Gr < 108 for
gas temperatures above 175◦C, and knowing from experimental experience that the
free stream temperature is around 225◦C, then there is laminar flow for the process
conditions. In light of this, and given the cylindrical symmetry of the laboratory
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Table 4.1: Pr, Re and Gr for the laboratory Siemens prototype at different temperatures.

T[◦C] Pr[-] Re[-] Gr[-]
50 0.397 109.4 6.53E+9
75 0.397 96.2 3.29E+9
100 0.396 85.4 1.89E+9
125 0.396 76.4 1.18E+9
150 0.395 68.8 7.78E+8
175 0.394 62.3 5.33E+8
200 0.393 56.7 3.76E+8
225 0.392 51.9 2.73E+8
250 0.391 47.7 2.01E+8
275 0.390 44.1 1.51E+8
300 0.389 40.8 1.15E+8

Table 4.2: Nu and h values for the laboratory Siemens prototype at different temperatures.

T[◦C] Nu[-] h[W/Km2]
175 60.5 26.1
200 55.4 24.9
225 51.1 23.9
250 47.3 23.0
275 44.0 22.2
300 41.1 21.5

Siemens reactor, we may employ the empirical expression for Nu(Gr, Pr) presented
in [Schilichting, 1968].

Nu = 0.68 · Pr0.5 · ( Gr

0.925 + Pr
)0.25 (4.1)

The convection coefficient (h) is obtained from equations 3.8 and 4.1. In table
4.2, the values obtained for Nu and h are shown. Notice that h varies depending on
the longitudinal coordinate; the values presented are averaged along the rod length.

For the process conditions of the laboratory reactor, the convection coefficient is
such that 21 < h < 38 W/K·m2. Heat loss due to convection can be calculated by
means of equation 3.4. Notice that the convection coefficient varies with time since
the process conditions vary; thereby, the heat loss due to convection will vary along
a deposition process.
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4.3.2 Comparison of theoretical and experimental results

Three different experiments were conducted in the laboratory reactor with a
single rod configuration and rod surface temperatures of 1000, 1100 and 1150◦C
(experiments 2.2, 2.6 and 2.5, respectively). The initial diameter of the seed rods is
between 0.73 and 0.76 cm and their length is 53 cm.

The theoretical models were also employed under the same set of conditions.
Conduction and convection heat loss are calculated, then, the total power
consumption is obtained adding radiation heat loss previously calculated. Results
shown below refer to the polysilicon deposition step, the largest energy consumer.
The total power consumption calculated theoretically and the experimental data
measured at the laboratory are compared in the figures 4.4 to 4.6.

Figure 4.4: Experimental (crosses) and theoretical (solid line) power consumption.
Experiment 2.2: rod surface at 1000◦C.

From the figures 4.4 to 4.6, good agreement is observed between the measured
and predicted values. The maximum difference between the experimental
measurements and theoretical calculations is 4, 2.5 and 1% in experiments 2.2, 2.6
and 2.5, respectively, which are within the experimental error. The average of the
total power consumption measured, the predicted one by the theoretical model and
the difference between both values are presented in table 4.3. The difference between
the values averaged over the deposition process is 1.7, 1.4 and 4% in experiments
2.2, 2.6 and 2.5, respectively. Radiation heat loss is responsible for 63.6-70.3% of the
total energy consumption and conductive and convective phenomena are responsible
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Figure 4.5: Experimental (crosses) and theoretical (solid line) power consumption.
Experiment 2.6: rod surface at 1100◦C.

Figure 4.6: Experimental (crosses) and theoretical (solid line) power consumption.
Experiment 2.5: rod surface at 1150◦C.
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Table 4.3: Measured and predicted total power consumption.

Experiment Powermeasured [W] Powerpredicted [W] Difference [%]
2.2 2031 1996 1.7
2.6 2805 2767 1.4
2.5 3013 2892 4.0

for 13.7-16.6% and 7.2-9.3%, respectively. In addition, conductive and convective
heat loss are of the same order of magnitude; therefore, it is confirmed that both
phenomena should be taken into account for heat loss calculations as stated in
chapter 3. Finally, the relation between radiation heat loss and convection heat loss
for the prototype is in the range of 7.5-8.8, to be compared to the ratio for industry,
which is presented in the next section.

4.4 From the laboratory to the industrial scale

Nowadays, overall energy consumption of the Siemens reactors for large capacity
polysilicon plants is said to be in the range of 45-80 kWh/kg. There are no
detailed data of radiation, convection, and neither conduction heat loss coming from
industry; therefore, the purpose of this section is to show an example of radiation
and convection heat loss of a 36-rod industrial Siemens reactor according to the
comprehensive model presented in this Thesis.

Exact calculations for the conductive heat loss in this case should consider all
reactor elements [Kreith and Bohn, 2002a] and may need CFD software for its
resolution; therefore, those calculations are out of the scope of this work.

4.4.1 Radiation model extension to industrial Siemens
reactors

To predict the radiation heat loss for industrial scale reactors, different
configurations and parameter variations are explored. A typical 36-rod industrial
Siemens reactor with a fixed geometrical arrangement is considered, and the effects
of changing the wall emissivity, the reactor inner wall radius and the rod surface
temperature are investigated separately.

In figure 4.7, the radiation heat loss per rod for different wall emissivities (εw) is
represented. The reactor wall is made of stainless steel, whose emissivity is around
0.5. Due to process contamination or previous polishing, reactor wall emissivities
can vary between 0.7 and 0.3. By reducing the emissivity of the wall from 0.7
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to 0.5, the radiation heat loss decreases by 20%; this reduction is 45% for a wall
emissivity of 0.3. Absolute specific numbers as kWh/kg of silicon are related with
the polysilicon growth rate, which mainly depends on rod temperature, pressure and
inlet gas composition. Fixing a growth rate of 8 µm/min the energy consumed due
to radiation is 25.6, 38.0 and 47.9 kWh/kg for wall emissivities of 0.3, 0.5 and 0.7,
respectively. Likewise, for a fixed growth rate of 12 µm/min the energy consumed
is 18.6, 25.4 and 34.9 kWh/kg, respectively.

Figure 4.7: Radiation heat loss per rod for a 36-rod industrial Siemens reactor for different
wall emissivities.

A similar but less pronounced effect occurs when the reactor wall is placed closer
to or further from the rods. In figure 4.8, the radiation heat loss per rod for different
wall radii (Rw) is shown. For the curves presented below, the emissivity of the
reactor wall is considered constant and equal to 0.5. If the reactor inner wall radius
is displaced from 0.78 to 0.74 m, the radiation heat loss decreases by 1.8%; when
the wall radius is 0.70 m this reduction becomes 3.8%. Fixing a growth rate of 8
µm/min the energy consumed is 37.1, 38.0 and 38.6 kWh/kg for inner wall radii of
0.70, 0.74 and 0.78 m, respectively. Also, for a fixed growth rate of 12 µm/min the
energy consumed is 25.4, 27.0 and 28.1 kWh/kg, respectively.

So far in this section, all the curves presented consider a constant rod surface
temperature of 1150◦C. Higher rod temperatures lead to higher deposition rates,
and at the same time higher temperatures lead to higher energy consumption. In
industry an average deposition temperature of the rods surface around 1100◦C is
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typical, while the theoretical temperature that minimizes the kWh/kg of Si is around
1150◦C. The reason to consider more conservative temperatures is to avoid the
appearance of the pop-corn described in section 1.2.1.

Figure 4.8: Radiation heat loss per rod for a 36-rod industrial Siemens reactor for different
wall radii.

In a typical industrial reactor, the deviation in temperature between the different
rods is minimized by controlling the power supplied to the different concentric rings
of rods separately [Herring and Hunt, 1990]; in our case we assumed that all the
rods have the same temperature. In figure 4.9, for a constant wall emissivity of
0.5 and wall radius of 0.74 m, the radiation heat loss per rod for different rod
surface temperatures is shown. Decreasing the rod surface temperature from 1150
to 1100◦C, the radiation heat loss decreases by 13.4%; this reduction is 25.4% when
the rod surface temperature is 1050◦C. Fixing a growth rate of 8µm/min, the energy
consumed is 28.3, 32.8 and 38.0 kWh/kg for rod temperatures of 1050, 1100 and
1150◦C, respectively. For a fixed growth rate of 12µm/min the energy consumed is
20.3, 23.9 and 25.4 kWh/kg, respectively.

For all configurations presented, as the rod diameter increases the radiation
heat loss per unit area decreases. Consequently, in energy terms, a deposition
process with higher initial and final rod diameters (higher compactness) is cheaper.
However, this requires substantially more raw material and also leads to wastage
of the production capacity of each reactor. For example, increasing the initial rod
diameter from 0.7 to 4 cm, polysilicon production is reduced by 10%, but also
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radiation heat loss by 45%. When the initial rod diameter is increased to 7 cm,
polysilicon production is reduced by 30%, and the radiation heat loss by 70%.
However, the bigger initial rod radii considered imply that the material at the
beginning of each run is 33 times greater in the first case, and 100 times greater
in the second.

Figure 4.9: Radiation heat loss per rod for a 36-rod industrial Siemens reactor for different
rod surface temperatures.

The same phenomenon leads to lower radiation heat loss if the final rod diameter
is increased. If the deposition process ends when the rod diameter is 15 cm instead
of 12 cm, the radiation heat loss is increased by 4.2%, but the silicon production is
increased by 56%.

Prior to its validation, this model was applied to radiation heat loss calculations
of three state-of-the-art industrial size reactor configurations [del Coso et al., 2011].
The amount of radiation heat loss per rod during a Siemens process for the case of
48-rod reactor was 10% lower than in the case of 36-rod reactor, and 20% in the
case of 60-rod reactor. These previous results are consistent with the ones presented
here; the radiation heat loss savings are obtained due to the increase of the reactor
compactness. Differences between the industrial scale results, for the 36-rod reactor
presented here and the former ones, are due to differences in compactness of both
reactors. In [del Coso et al., 2011] the base plate of the 36-rod reactor considered
allows a final rod diameter of 18-20 cm, while for the present case the maximum rod
diameter of the rods is barely above 13 cm.
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Table 4.4: Re, Pr and Gr for a 36-rod industrial Siemens reactor at different temperatures.

T[◦C] Remax[-] Remin[-] Pr[-] Gr[-]
200 6786.2 437.2 0.208 4.15E+12
225 6508.8 419.3 0.209 2.98E+12
250 6256.2 403.1 0.209 2.18E+12
275 6025.6 388.2 0.209 1.63E+12
300 5813.7 374.6 0.210 1.23E+12
325 5618.2 362.0 0.210 9.44E+11
350 5437.3 350.3 0.210 7.32E+11
375 5269.6 339.5 0.210 5.73E+11
400 5113.4 329.4 0.211 4.53E+11
425 4967.5 320.0 0.211 3.61E+11
450 4831.0 311.3 0.211 2.89E+11
475 4702.8 303.0 0.211 2.33E+11
500 4582.4 295.2 0.212 1.89E+11
525 4468.8 287.9 0.212 1.54E+11
550 4361.5 281.0 0.212 1.26E+11

4.4.2 Convection model extension to industrial Siemens
reactors

Now, the theoretical model is used to predict the convection heat loss for industrial
scale Siemens reactors. As said above, the geometry and the process parameters of
the 36-rod industrial reactor are known. In contrast with the prototype, inlet gas
conditions vary along the deposition process. The range of values obtained for Re,
Pr and Nu is shown in table 4.4. The molar ratio of the reactive gases for the values
below is 14% mol TCS and 86% mol H2, and the working pressure is 6 bar.

For the industrial Siemens reactor, the conditionsGr > 0.007·Re2.5 andGr > 109

are fulfilled at all temperatures. Therefore, the flow conditions of an industrial
Siemens reactor are natural convection and turbulent flow for the process conditions
shown. For these conditions, the empirical expression for Nu(Gr, Pr) presented in
[Schilichting, 1968] is:

Nu = 0.13 · (Gr · Pr)0.33 (4.2)

The convection coefficient (h) is obtained from equations 3.8 and 4.2. For the
process conditions in the industrial Siemens reactor, the convection coefficient is
such that 58 < h < 85 W/Km2. Calculated Nu and h values are presented in
table 4.5. The convection coefficient varies with time as the process conditions do;
therefore, the heat loss due to convection will vary in consequence along a deposition
process. Heat loss due to convection is calculated by means of equation 3.4.
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Table 4.5: Nu and h values for a 36-rod industrial Siemens reactor at different temperatures.

T[ºC] Nu [-] h [W/K·m2]
200 1130.4 123.7
225 1013.6 115.9
250 915.1 109.1
275 831.0 103.1
300 758.3 97.8
325 694.9 92.9
350 639.2 88.5
375 589.9 84.4
400 546.0 80.7
425 506.6 77.2
450 471.1 74.0
475 439.0 70.9
500 409.8 68.1
525 383.2 65.4
550 358.7 62.8

Figure 4.10: Power loss due to convection per unit area for a 36-rod industrial reactor.

84



4.4. From the laboratory to the industrial scale

As an example, the model has been applied assuming a polysilicon deposition
rate of 12 µm/min, a homogeneous rod temperature of 1100◦C and a range
of temperatures of the free stream between 400-525◦C. The calculated power
consumption due to convection heat loss along a deposition process is in the range
of 22-33 kWh/kg. In figure 4.10, the power loss due to convection per unit area for a
36-rod industrial reactor along a deposition process is presented. In figure 4.11, the
power loss due to convection per rod along a deposition process is also presented.
Notice that temperature of the main stream increases as the diameter of the rods
do, therefore the heat loss due to convection per unit area decreases (equation 3.4)
justifying the shape of the curves in both figures.

Figure 4.11: Power loss due to convection per rod along a deposition process for a 36-rod
industrial Siemens reactor.

4.4.3 Discussion

The relation between radiation heat loss and convection heat loss for the laboratory
Siemens reactor was in the range of 7.5-8.8. For a 36-rod industrial Siemens reactor
under the same conditions, the radiative loss was calculated to be 25 kWh/kg and the
loss due to convection are 22-33 kWh/kg. From these results, the relation between
radiative and conductive heat loss for the industrial scale reactor is in the range of
0.88-1.20. The improvement in compactness in order to decrease radiation heat loss
is evidenced.

Despite the difficulty to find truly and detailed numbers of power consumption
in industry processes, theoretical calculations for radiation and convection heat loss
for an industrial reactor presented in this paper are in agreement with the lumped
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figures reported by industry. Then, the comprehensive model can be applied to any
type of industrial reactor by reproducing the preceding steps. The model is therefore
an important tool for radiative and convective heat loss calculations and, ultimately,
for the total energy consumption of the Siemens reactors.

4.5 Conclusions

A comprehensive model for radiation, convection and conduction heat loss in
Siemens reactors was developed in section 3.1; and a laboratory scale Siemens
reactor was presented in section 2.1. In this chapter, theoretical calculations and
experimental data are compared taking advantage of the laboratory scale reactor;
the theoretical comprehensive model is empirically validated and the radiation and
convection heat loss models are extended to the industrial scale.

In the laboratory scale Siemens reactor the radiation heat loss is responsible
for 63.6-70.3% of the total energy consumption and conductive and convective
phenomena are responsible for 13.7-16.6% and 7.2-9.3%, respectively. In industry,
this numbers vary due to the improvement in compactness; e.g., while the relation
between radiative and conductive heat loss for the laboratory reactor is 7.5-8.8, for
the industrial scale Siemens reactors is 0.88-1.20.
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CHAPTER

FIVE

CFD models for CVD reactors

In this chapter the work developed in a collaboration with the Norwegian ‘Institute
for Energy Technology’ (IFE) is presented. It benefits from the possibility to contrast
results in the laboratory Siemens reactor at IES with a FBR prototype developed at
IFE. The process of conversion of TCS and MS gases to solid polysilicon -in both the
Siemens reactor and the FBR- have been investigated by means of computational
fluid-dynamics models (CFD). First, Siemens reactors and FBRs are compared.
Then, the mechanisms of heat transfer being responsible for the energy consumption
of both prototype reactors are modeled; the modeling equations and procedure for
the development of the CFD models are explained. Next, the CFD modeling for
the laboratory Siemens reactor and for the FBR protoype are presented: CFD
model outputs are compared to experimental data, the influence of important design
parameters and process conditions on the energy consumption and temperature
distribution are studied and the results obtained discussed.

5.1 Siemens reactors and FBRs comparison

Although a debate in the polysilicon community about the benefits and drawbacks
of these different deposition technologies exists [Hesse et al., 2009], [Meyers,
2012], there is a lack of reliable data, based on rigorous models, and contrasted
experimentally in similar conditions [Ege et al., 2012], [Muller et al., 2009], [Ceccaroli
et al., 2012].

CVD polysilicon quality directly affects the solar cell performance. Despite a
range of accepted purities of the raw material for solar cells production exist, the
higher the material quality -up to a limit-, the higher cell efficiency [Tiedje et al.,
1984], [Istratov et al., 2003], [Coletti, 2013]. Polysilicon purities above 7N do not lead
to improvements in cell efficiency for state-of-the-art cell architectures; at present,
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maximum efficiency is limited by other steps of the solar cell manufacturing process
[Ceccaroli and Lohne, 2011], [Glunz, 2014].

When comparing between the Siemens reactor and the FBR for polysilicon
production, in terms of energy consumption, the alleged advantages of the FBR
-such as lower energy costs due to lower deposition temperatures- are not due to the
FBR itself, but to the use of MS gas instead of TCS. To some extent this argument
may be true. The two have about the same decomposition initiation temperature
around 400◦C but a very different deposition temperature (for TCS in the order of
850-1100◦C whereas for silane 650-700◦C); this means that the actual temperature
difference needed will be larger for TCS which is directly linked to the thermal losses.
Also, for TCS the maximum theoretical yield is in the order of 23% while the value
achieved in practice is around 15%, which means that one needs to heat and recycle
another 85% which does not contribute to the production. Another consideration is
that hydrogen takes place in the decomposition reaction for TCS which means that
one needs to have a large excess hydrogen flow to keep the reaction going. Lastly, for
TCS there is a challenge with insufficient deposition temperature as this will lead
to chlorine encapsulations which are not easily removed post production [Herrick
and Wooddruff, 1984], [Weidhaus et al., 2005]. For silane the same mechanisms may
lead to hydrogen encapsulation; however, hydrogen may be removed from the silicon
lattice by heating to a temperature far below the melting point [Filtvedt et al., 2010].

For both type of reactors the nature of the deposited silicon will depend on among
other things the temperature of the deposition surface at the time of deposition. The
structure of the material, the crystallinity, the porosity and also the possibility of
chlorine encapsulations for chlorosilane based reactors and hydrogen encapsulation
for MS-based reactors. For the Siemens layout the challenge is limited since the
deposition temperature to a large extent may be closely controlled. For the FBR
there will always be a distribution in deposition temperature since the history of
the individual beads meeting the incoming reactant will be different [Caussat et al.,
1999].

The largest difference between the two reactor types is the heat transport
mechanisms in comparison to the transport of the reactant. For a Siemens type
reactor the dwelling time of the reactants may be relatively long, as the gas may be
in parts of the reactor with a too low temperature and the heat transport through
radiation is quite effective due to the large temperature differences and that the
different surfaces are exposed to each other. For a FBR the situation is quite
different, provided the bubbles are kept small. The reactant is quickly heated to the
point of decomposition upon being inserted to the reactor. The different surfaces are
not directly exposed to each other, which means that direct radiation is lower than
for the Siemens layout. The success of the reactor therefore lies in how to limit the
heat transport between the surfaces of different temperature while at the same time
maintaining an ideal temperature profile in the reactant inlet area in order to aid a
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controlled bead initiated growth and suppress formation of fines and subsequently
fines scavenging and porous regions [Filtvedt et al., 2010], [Filtvedt et al., 2012a].
There is also an inherent challenge in the combined fluid-mechanics and the wear
on the internal surfaces of the FBR. This mechanism may to a large extent be
overcome by controlling the fluid mechanics, use of liners and maintaining a layer of
protective silicon on the internal reactor surface. It is nevertheless a challenge with
FBRs which needs to be addressed.

5.2 CVD reactors modeling

The global CFD model accounting for all important aspects of heat transfer and
gas flow has been developed using SiSim [Bellmann et al., 2013], [Mortensen et al.,
2013], [Bellmann et al., 2014], a software dedicated to silicon production processes
developed in the frame of the Norwegian center Solar United. For general problems,
the dependent variables are the velocities u, the pressure p, the temperature T and
the radiosity J . These time-dependent variables are solved from the incompressible
Navier-Stokes’ equations including the continuity equation, the energy conservation
equation and the surface-to-surface radiation model. Model equations for mass and
momentum conservation are

∂ui
∂xi

= 0 (5.1)

and

∂ui
∂t

+ uj
∂ui
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= − 1
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ρ− ρ0
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(ν
∂ui
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In equation 5.2, g is the gravitational acceleration, t is the time, ρ is the density,
ρ0 is the reference density, ν is the kinematic viscosity and xi is the spatial coordinate
in direction i. Buoyancy, represented by the second term on the right hand side of
equation 5.2, is modeled by the well-known Boussinesq approximation. Calculations
consider also turbulence based on the Low-Reynolds-Number (LRN) k − ε model
suggested by Launder and Sharma [Launder and Sharma, 1974]. The conservation
of energy equation is employed to calculate the temperatures. This equation reads

ρcp
∂T

∂t
+ ρcpuj

∂T

∂xj
=

∂

∂xj
(k
∂T

∂xj
) (5.3)

where cp is the specific heat capacity and k is the thermal conductivity. Thermal
radiation is the main heat transfer mechanism in CVD reactors. The surface-to-
surface (S2S) radiation model, often referred to as the view factor method or the
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radiosity matrix method, is used to calculate thermal radiation [Modest, 2003],
[Ramachandran, 2014]. This model is virtually identical to the one presented
in section 3.1. Again, it makes use of configuration factors (Fij) -geometrical
parameters that define the fraction of radiation leaving surface i, which is intercepted
by surface j-. Each configuration factor depends on the size of the surfaces, their
relative orientation and the distance between them. Configuration factors are here
calculated using the hemicube method [Cohen and Greenberg, 1985], a method that
has been widely used in the computer graphics field, and they enter the equation
system for the radiosities. Radiosity has the units W/m2, and it accounts for all
of the radiant energy leaving a surface. The S2S method is based on solving an
algebraic equation system with the radiosities as unknown variables. The governing
equation reads

Ji = εiσT
4
i + (1− εi)

n∑
j=1

FijJj (5.4)

where Ji represents the radiosity of surface i, εi represents the emissivity of
surface i and σ is the Stefan-Boltzman constant equal to 5.67·10−8 W/(m2·K4). For
gas flow at solid surfaces, a non-slip boundary condition is used for the velocities.
Both the tangential and the normal velocity component are set to zero. For the
thermal radiation model, the element surface temperatures calculated from the
previous time step (initial temperatures if the current time step is the first) constitute
the boundary condition. The coupling between the thermal radiation model and the
energy conservation equation needs to be described. Once the radiosities are known
from equation 5.4, the boundary heat flux of each element surface is calculated from
equation 5.5.

qi =
εiσT

4
i − εiJi

(1− εi)
(5.5)

This heat flux serves as a thermal boundary condition in the subsequent thermal
analysis of the solids.

5.3 CFD modeling of the laboratory Siemens
reactor

Taking advantage of both theoretical and experimental experience, a CFD model
for the laboratory Siemens reactor is developed.
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5.3.1 Model

Due to the cylindrical configuration of the laboratory Siemens reactor, the CFD
model developed is well represented by an axi-symmetric model. In figure 5.1,
the geometry and the mesh of all elements conforming the laboratory reactor are
presented. The geometry and the mesh have been developed by means of the
commercial software ‘PATRAN’. The different domains defined are indicated: the
rod (silicon), the casing (stainless steel), the fluid flow domain (TCS and H2) and
the cooling (water). The mesh is composed of 3,836 elements and 4,722 nodes.

Notice that from this model information about the fluid flow, the thermal fields
and the energy consumption, will be obtained. Thus, highly relevant information
can be obtained if the modeling results are consistent with the experimental data.

Figure 5.1: 2D axi-symmetric geometry and mesh for the laboratory Siemens reactor.
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5.3.2 Results

Three different experiments conducted in the laboratory Siemens reactor were
selected to be reproduced by means of the CFD modeling. These experiments
present a single rod configuration and are conducted at approximately 1000, 1100
and 1150◦C (experiments 2.2, 2.6 and 2.5, respectively). Conditions of pressure and
inlet gas composition are the same for the three experiments. Although obvious
differences in the simulated results for these three cases are obtained -maximum
temperatures or gas velocities-, the fluid flow and the temperature fields obtained
resemble each other. As an example, in figure 5.2 the temperature distribution and
the fluid flow field corresponding to experiment 2.5 (for a rod of diameter 8 mm
at steady-state) are shown. The different colors correspond to the temperatures
distribution and the black arrows indicate the magnitude and direction of the
gas flow. The higher temperatures are reached at the rod, 1164◦C, the inlet gas
temperature is 50◦C, the outlet gas temperature is 281◦C, the wall temperature
at the central part of the reactor chamber is 293◦C and the temperatures of the
external wall are around 20◦C due to the water cooling. By looking at the flow field
it can be observed that gas recirculation zones exist; the abrupt pressure change
due to cross-sectional area change promotes sudden contraction and expansion of
the fluid stream lines, and thus the boundary layer separation, causing vortex and
eddies formation.

In figure 5.3 the temperature distribution along a line traced from the center
of the silicon rod to the inner reactor wall of the laboratory Siemens reactor is
presented. Beginning from the left, the first stretch of the curve corresponds to the
rod. Then, as we move from the rod surface to the inner reactor wall, first the
temperature decreases quickly and then it is fairly constant until the reactor wall.
The flat region close to the inner reactor wall coincides with the recirculation zone
in the gas, where the mixing is effective. Notice that without this gas recirculation,
the flat part of the temperature profile curve shown in figure 5.3 will disappear.
However, the inner temperature of the reactor wall will not change since in this type
of reactors it is forced to remain low1. Notice that in the laboratory scale reactor
the wall temperature is far below the critical one, but in the industry the inner
wall temperature could reach much higher temperatures, then it is forced -by water
cooling- to be below 400-500◦C to avoid non-desired high temperature regions.

In tables 5.1, 5.2 and 5.3, experimental temperatures measured at a number
of points -see figure 5.2- in experiments 2.2, 2.6 and 2.5 are compared with the
simulation results. These data correspond to a rod diameter of 8 mm. Since the
power supplied is an input for the simulations, both, experimental and simulated
numbers are coincident. The power input for experiments 2.2, 2.6 and 2.5 is 1700,

1To avoid undesired chemical reactions that would affect negatively to the quality of the
resultant material.
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Figure 5.2: Temperature distribution and fluid flow field of the laboratory Siemens reactor.
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Figure 5.3: Temperature distribution along a line traced from the center of the silicon rod
to the inner reactor wall of the laboratory Siemens reactor.

Table 5.1: Temperatures measured and simulated for experiment 2.2, and relative difference
among them.

Experimental Simulation Difference
Trod [◦C] 1002 978 2.3 %
Twall [◦C] - 139 -
Tinlet [◦C] 52 50 3.8 %
Toutlet [◦C] 210 219 4.2 %

2023 and 2363 W, respectively.

From the comparison of the data presented in tables 5.1, 5.2 and 5.3 good
agreement is found between experimental and simulation data. For experiments
2.2, 2.5 and 2.6, the difference between the experimental and modeling data in
the rod temperature is 24, 18 and 6◦C, respectively. As explained in section
2.1, a two-color pyrometer is responsible for the experimental measurement of the
rod temperature, since several intermediate media are present between the rod
and the measurement device, this measurement error can be up to ±2◦C. The
other temperature measurements are conducted with thermocouples, whose error is

Table 5.2: Temperatures measured and simulated for experiment 2.5, and relative difference
among them.

Experimental Simulation Difference
Trod [◦C] 1101 1083 0.5 %
Twall [◦C] - 225 -
Tinlet [◦C] 50 50 0.0 %
Toutlet [◦C] 224 251 12.0 %
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Table 5.3: Temperatures measured and simulated for experiment 2.6, and relative difference
among them.

Experimental Simulation Difference
Trod [◦C] 1158 1164 0.5 %
Twall [◦C] - 293 -
Tinlet [◦C] 52 50 3.8 %
Toutlet [◦C] 253 281 11.0 %

considered to be within ±10◦C. In the experiments the reactor wall temperature has
not been measured, but the modeling results are shown for completitude. Finally,
the fluid flow domain does not match exactly the reality but it is quite close; the
difference is explained because in the real case the gases are fed in and extracted
from the reactor chamber horizontally instead of vertically.

5.3.3 Sensitivity analysis

From the results presented above, the CFD model developed for the laboratory
Siemens reactor is found to be good enough to reproduce the polysilicon deposition
process conditions; since the differences between the predicted and measured
temperature of the rod is below 2.3%.

Here, the effect of the variation of the wall emissivity -for a fixed power input-
on the temperature distribution is analyzed. Experimental deposition conditions of
experiment 2.6 for different wall emissivities are simulated. The real wall emissivity
of the laboratory reactor is 0.5-0.6; now, lower and higher wall emissivities are
considered. In table 5.4 the relevant temperatures resultant for the simulation of
experiment 2.6 for wall emissivity values of 0.3, 0.6 and 0.85 are presented. It
can be observed that for the same power input reduced emissivities lead to higher
rod surface temperatures, while increased emissivities lead to lower ones. The
temperatures of the wall and the outlet gases also increase as the rod temperature
does. These results are consistent with those of the model presented before in
chapter 2. Low wall emissivities are desired in order to decrease the kWh/kg ratio.
Notice that the wall temperature may limit this reduction, because if nucleation
temperatures are reached silicon and other byproducts will deposit in the wall
surface, changing the emissivity.

The effect of different inlet mass flow rates on the fluid flow and the temperature
distribution is also studied. All deposition process conditions of experiment 2.6 are
simulated considering gas inlet mass flow rates two and four times larger. In table
5.5 the relevant temperatures predicted by the simulation of experiment 2.6 for inlet
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Table 5.4: Sensitivity analysis on wall emissivity for conditions of experiment 2.6.

Wall emissivity [-] 0.3 0.6 0.85
Trod [◦C] 1135 1083 1048
Twall [◦C] 247 225 149
Tinlet [◦C] 50 50 50
Toutlet [◦C] 264 251 234

Table 5.5: Mass flow rate sensitivity analysis for conditions of experiment 2.6.

Mass flow rate [kg/s] 5.2·10−2 10.4·10−2 20.8·10−2
Trod [◦C] 1083 1079 1067
Twall [◦C] 225 220 204
Tinlet [◦C] 50 50 50
Toutlet [◦C] 251 224 187

mass flow rates of 5.2·10−2, 10.4·10−2 and 20.8·10−2 kg/s are presented2. It can be
observed that as the mass flow rate increases the temperatures of the rod, the wall,
and the outlet gases decreases, since convection and conduction heat loss via gases
increase as the mass flow rate does. The recirculation zones shown in figure 5.2
still appear for mass flow rates between 5.2·10−2 to 20.8·10−2 kg/s; high velocities
create large recirculation zones and small velocities make them smaller. Higher mass
flow rates would lead to higher deposition rates if the reaction is limited by mass
transport and not by reaction. Thus, higher mass flow rates would be desired in
order to reduce the kWh/kg ratio consumed until the process becomes to be limited
by the reaction. Most likely deposition rates would be mass transfer controlled due
to the high temperatures [Rosner, 2000], [Habuka et al., 1999].

5.3.4 Discussion

The CFD model for the laboratory Siemens reactor give us reliable data about
the fluid flow, the temperatures distribution, and definitely, about the power
consumption. It allows to identify the parameters responsible for the greatest power
consumption and, thus, suggest some modifications that could decrease the kWh/kg
of silicon produced.

Deposition temperature has an important effect on the output material quality.
For polysilicon deposition from TCS in Siemens reactors, slower deposition processes
(low deposition temperatures) lead to high quality material and smooth surface
finishing. As the deposition temperature increases the growth rate does the same,
thus the increment of the deposition rate leads to greater surface roughness. Above

2The ratio TCS:H2 is maintained constant.
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a certain deposition temperature (typically above 1150◦C) dendritic growth starts
[Ramos et al., 2012b] and risk of homogeneous nucleation exists [Herrick and
Wooddruff, 1984]. Now, growth rates are faster but the quality of the output
material is lower.

From the modeling results and the sensitivity analysis presented in subsections
5.3.2 and 5.3.3, a high reflective reactor wall leads to higher deposition temperatures
for a fixed power input, therefore the kWh/kg ratio can be reduced. The output
material quality will be lower, but in most cases enough to fulfil the purity required
for the photovoltaic industry. The key to obtain a high purity polysilicon is keep
the deposition surfaces at temperatures below 1150◦C, and keep the reactor wall at
low temperatures -below 400-500◦C-, to avoid homogeneous nucleation phenomenon
[White et al., 2006].

5.3.5 Taking advantage of the CFD modeling

In the following the effect of considering a horizontally inlet flow and different
thermal shields is briefly analyzed. In figure 5.4 the three different geometries that
are going to be considered hereunder are presented.

Side inlet flow

As explained in 5.3.2, in the laboratory Siemens reactor the gases enter the reactor
horizontally from one side of the bottom part of the reactor chamber. However,
since the CFD model is a 2D-model, defining a horizontal gas inlet would be equal
to consider that the gases enter the reactor horizontally from all directions. Now,
the difference between both different 2D models is studied -cases a) and b) in figure
5.4-. No relevant differences in terms of energy consumption neither temperature
distribution and fluid flow field are appreciable for the same simulated process
conditions (rod temperature, inlet mass flow rate, gas mixture, etc.) at steady-
state. At the very bottom and at the very top regions of the fluid domain, differences
according to the changes of the inlet and outlet geometries between both designs
are noticeable; however, these differences do not affect the power consumption or
any other relevant parameters beyond this limited areas (the size of these regions is
very small as compared with the total length of the reactor).

Thermal shields

In section 6.1 the effect on the power consumption of the polysilicon deposition
process of considering different thermal shields inside the reactor chamber is studied
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-cases a) and c) in figure 5.4-. Here, the CFD model for the laboratory Siemens
reactor is used to analyze the effect of a thermal shield surrounding a single silicon
rod on the fluid flow field, on the temperatures distribution and on the power
consumption. The latter is reduced between 46% to 54% considering thermal shields
with emissivities in the range 0.3 to 0.7; these results are in agreement with those
obtained from the theoretical models developed in section 3.1 when applied to the
same laboratory reactor configuration. As expected, the presence of the thermal
shield has an important effect on the temperatures distribution, the area between
the silicon rod and the reactor shield present higher temperatures than in the case
without the thermal shield. Regarding the fluid flow field, appreciable changes also
appear due to the presence of the thermal shield, now no gas recirculation is observed
and the gases flow parallel to the rod and the shield from the inlet to the outlet.

Figure 5.4: Different geometries defined for the laboratory Siemens reactor: a) reference
geometry, b) side inlet flow geometry, c) thermal shield.
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5.4 CFD modeling of the FBR prototype

Taking advantage of both theoretical and experimental experience, the mechanisms
of heat transfer being responsible for the energy consumption of the FBR prototype
are modeled.

5.4.1 Model

Again, due to the configuration of the FBR prototype, the CFD model developed
is well represented by a 2D axi-symmetric model. In figure 5.5, the geometry and
the mesh of all elements conforming the FBR prototype are presented -developed by
means of the commercial software ‘PATRAN’-. The height of the reactor chamber
is 150 cm and its inner diameter is 15.5 cm; The heated length is around 100 cm.
The different domains defined are: the baseplate (aluminium, synthetic wool and
stainless steel), the casing (stainless steel), the fluid flow (MS and hydrogen), the
heaters (induction coil), the wall isolation (ceramic foam) and the cooling (water).
Finally, the mesh is composed of 14,272 elements and 15,912 nodes. The FBR
prototype geometry is more complex than the one for the laboratory Siemens reactor;
in addition, the number of domains and interfaces for the present model is quite
higher.

The FBR prototype modeling has the limitation that the silicon beads are not
part of the thermal model. This would require a tailor-made sub-model for handling
a large number of dynamic particles that interfere [Balaji et al., 2010], [White et al.,
2006]. These particles consume energy which in our modeling approach is distributed
to the other elements of the reactor. Even if the temperature distribution and the
fluid flow field which are obtained when solving the radiation, thermal and fluid
flow problems are not accurately calculated by the model, relevant aspects for FBRs
such as gas temperature distribution can be obtained if the modeled temperature
distribution is consistent with the experimental data.

5.4.2 Results

Results of the FBR prototype modeling are compared with experimental data. In
this case, two different experiments conducted in the FBR prototype are selected:
experiments A and B. All boundary conditions in both experiments, except the inlet
mass flow rate, are similar (pressure, gas composition, etc.). The inlet mass flow
rate in experiments A and B is 9.4·10−5 and 37.7·10−5 kg/s, respectively. From these
experiments, temperature measurements at a number of points have been monitored;
these points are indicated in figure 5.6. The temperature distribution shown in figure
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Figure 5.5: 2D axi-symmetric geometry and mesh for the FBR prototype reactor.
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Table 5.6: Temperatures measured and simulated for experiment A, and relative difference
among them.

Experimental Simulation Difference
Tbaseplate 1 [◦C] 51 46 9.8 %
Tbaseplate 2 [◦C] 631 518 17.9 %
Tgas 1 [◦C] 627 520 17.0 %
Tgas 2 [◦C] 627 596 4.9 %
Tgas 3 [◦C] 628 624 0.6 %
Tgas 4 [◦C] 628 636 1.3 %
Twall 1 [◦C] 585 603 3.8 %
Twall 2 [◦C] 649 647 0.3 %
Twall 3 [◦C] 686 653 5.0 %
Twall 4 [◦C] 688 650 5.2 %

5.6 corresponds to experiment B. In tables 5.6 and 5.7 measured and simulated
values are compared. In both experiments, differences between experimental and
simulation data are below 5% for almost all the gas temperature measurements. In
table 5.6 a good agreement is found for the reactor wall temperatures, while higher
differences between the measured and the calculated data are found in the lower
part of the reactor. In table 5.7 the opposite occurs, there is a good agreement
between the temperatures at the bottom part of the reactor but higher differences
in between measured and calculated data are obtained at the reactor wall.

Due to the application of an axi-symmetric model, the reactor baseplate geometry
deviates from the real one. The holes where the gas enters the reactor are
approximated by inlet ring areas in the model. This difference is noticeable for low
inlet gas flow, and it explains the higher differences between the temperatures in the
lower part of the reactor in experiment A. In addition, since the silicon beads could
not be simulated, considering a slower gas flow the difference between the real and
the simulated heat transfer coefficient -between the reactor wall and the fluidized
bed- is closer. The latter explains the higher differences in the wall temperature
obtained in experiment B. The maximum differences obtained in experiment A,
expressed in Celsius degrees, are 113◦C (Tbaseplate 2). In experiment B differences of
the wall temperatures are in the range of 61 to 125◦C, due to the explained above. All
experimental temperature measurements are conducted with thermocouples, which
error is considered to be within ±10◦C.

5.4.3 Sensitivity analysis

As stated above, the main challenges of the FBR are related to undesired
temperatures in the fluid flow that bring on fine formation. Moreover, temperature
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Figure 5.6: Temperature distribution of the FBR prototype reactor in experiment B.
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Table 5.7: Temperatures measured and simulated for experiment B, and relative difference
among them.

Experimental Simulation Difference
Tbaseplate 1 [◦C] 50 53 6.0 %
Tbaseplate 2 [◦C] 571 582 2.1 %
Tgas 1 [◦C] 598 586 2.0 %
Tgas 2 [◦C] 613 595 4.5 %
Tgas 3 [◦C] 624 621 0.5 %
Tgas 4 [◦C] 703 665 5.4 %
Twall 1 [◦C] 496 557 12.3 %
Twall 2 [◦C] 654 748 14.3 %
Twall 3 [◦C] 704 825 17.1 %
Twall 4 [◦C] 758 883 16.4 %

of the fluidized bed is directly related to the polysilicon deposition rate. Thus,
despite this model does not give us reliable data about the fluid flow, it provides
reasonable estimates of the temperatures distribution; being the latter a highly
relevant information for identifying the parameters responsible for the undesired
temperatures in certain areas. In addition, possible modifications that could
decrease the undesired fines formation would arise.

The influence of a number of the relevant parameters in the polysilicon deposition
by means of the FBR prototype have been studied: gas mixture, heat transfer
between interfaces, inlet mass flow rate and material properties. Different gas
composition for the same process conditions were simulated: mixtures from 5 to
30% of MS and hydrogen; in all cases the temperature distribution obtained was
virtually identical. Heat transfer coefficients between the different interfaces were
also varied -within the known orders of magnitude for each one- and no relevant
differences in the resultant temperature distribution were obtained.

The effect of the mass flow rate on the temperature distribution is strong. For the
deposition conditions of experiment B, a few simulations considering different mass
flow rates are conducted. In table 5.8 the temperatures at a number of points of the
reactor for different mass flow rates -22.0·10−5, 37.7·10−5 and 47.2·10−5 kg/s- are
shown. It can be observed that as the mass flow rate is increased, the temperatures
at the monitoring points are reduced. In addition, the effect of considering different
mass flow rates is stronger as we move far from the base plate. Notice that this
effect will not be so strong if a good fluidization of the bed is achieved.

Some of the materials considered for the FBR prototype assembly could be
changed for more proper ones if the material properties are found to be relevant
for changing the temperature distribution to a better one. In order to perform this
sensitivity analysis the following material properties are selected: the reactor wall
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emissivity and the thermal conductivity of the baseplate.

Table 5.8: Mass flow rate sensitivity analysis for conditions of experiment B.

Mass flow rate [kg/s] 22.0·10−5 37.7·10−5 47.2·10−5
Tbaseplate 1 [◦C] 54 53 53
Tbaseplate 2 [◦C] 585 582 582
Tgas 1 [◦C] 588 586 586
Tgas 2 [◦C] 645 595 584
Tgas 3 [◦C] 728 621 585
Tgas 4 [◦C] 784 665 598
Twall 1 [◦C] 558 557 547
Twall 2 [◦C] 776 748 707
Twall 3 [◦C] 878 825 811
Twall 4 [◦C] 906 883 871

Table 5.9: Wall emissivity sensitivity analysis for conditions of experiment A.

Emissivity [-] 0.2 0.5 0.8
Tbaseplate 1 [◦C] 45 46 48
Tbaseplate 2 [◦C] 497 518 543
Tgas 1 [◦C] 502 520 547
Tgas 2 [◦C] 576 596 623
Tgas 3 [◦C] 594 624 645
Tgas 4 [◦C] 598 636 652
Twall 1 [◦C] 580 603 610
Twall 2 [◦C] 619 647 675
Twall 3 [◦C] 624 653 681
Twall 4 [◦C] 624 650 678

In table 5.9 the temperatures at a number of points for different wall emissivities
(0.2, 0.5 and 0.8), and for the deposition conditions of experiment A, are shown.
If the wall emissivity is increased from 0.5 to 0.8, all temperatures in table 5.9
increase: the average of this increment is 3.7% (or 23.0◦C). When decreasing the
wall emissivity from 0.5 to 0.2, all the temperatures decrease; now, the average
of this decrement is 4% (or 25.9◦C). For all data in table 5.9 the same power
input has been considered, thus, selected a desired deposition temperature, higher
wall emissivities lead to lower energy consumption while lower emissivities do the
opposite. No relevant differences in the temperature distribution are appreciable;
just a slight improvement in the temperature homogeneity in the gas is found when
choosing lower wall emissivities. Differences between the maximum and minimum
gas temperatures are 5% lower changing the wall emissivities from 0.8 to 0.2. Hence,
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lower wall emissivities lead to a small improvement of the temperature homogeneity,
at the same time that lower energy consumption is expected (see reasoning in
subsection 5.3.3).

Table 5.10: Baseplate thermal conductivity sensitivity analysis for conditions of experiment
A.

k [W/k·m] 0.08 0.32 0.64
Tbaseplate 1 [◦C] 46 47 47
Tbaseplate 2 [◦C] 518 504 497
Tgas 1 [◦C] 520 507 500
Tgas 2 [◦C] 596 597 595
Tgas 3 [◦C] 624 619 615
Tgas 4 [◦C] 636 624 620
Twall 1 [◦C] 603 604 602
Twall 2 [◦C] 647 652 651
Twall 3 [◦C] 653 657 657
Twall 4 [◦C] 650 653 652

Finally, the effect of the variation of the material properties for the isolation
element is studied. The thermal conductivity (k) of this element has been increased
4 and 8 times. The baseplate and gas temperatures obtained for the different
values of k -0.08, 0.32 and 0.64 W/K·m-, again for the deposition conditions of
experiment A, are presented in table 5.10. It can be observed how a small increment
of the thermal conductivity of this element influences all these temperatures. In
addition, the stronger effect is found on the top of the base plate and on the gas
temperatures. In figure 5.7 the temperature distribution of the baseplate for the
different thermal conductivities considered is shown. It can be clearly appreciated
how as the thermal conductivity increases the temperate gradient decreases, as it was
expected. However, back to table 5.10, the noticeable changes in the temperature
distribution of the baseplate only affect significantly the gas temperatures at the
very bottom of the fluidized bed; lower k leads to higher temperatures in this
region. Therefore, lower k could be considered in order to increase the undesired
low temperatures of the gas region close to the baseplate, therefore favoring fine
formation through homogeneous nucleation.

5.4.4 Discussion

The CFD model developed for the FBR prototype give us reliable data about the
temperatures distribution, that is related to material quality. The FBR modeling
has been performed with a relatively simple model compared to other approaches.
Several mechanisms active within a FBR have not been taken into account. However,
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Figure 5.7: Temperature distribution of the FBR prototype baseplate for different thermal
conductivities of the isolation element. Deposition conditions of experiment A.
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the data fits closely with the experimental results. Considering the same reactive
gas, FBR has advantages over a fixed bed or other CVD-type reactors. FBR presents
more homogeneous temperature and concentration profiles in the fluidized bed,
avoiding gradients, due to the fluidization mixture effect. However, temperature
gradients appear in between the bed and the surrounding elements, baseplate
or reactor wall. These gradients will depend on a number of factors but in
general the temperature differences in relation to the efficiency of the heat transfer
mechanisms will dictate the temperature distribution. The distribution is crucial as
the decomposition sequence of silane to silicon contains a number of intermediate
temperature dependent reactions [Filtvedt et al., 2012a].

Furthermore, the fluid-mechanics of the bed will also influence the nature
of the growth. Larger bubbles in silane rich regions of the bed will promote
gaseous nucleation and homogeneous growth, thus fines production. Although fines
production is a loss mechanism in itself, some of the fines may however be scavenged
and thus not directly lost [Dahl et al., 2009]. However, this contribution comes with
a cost since fines scavenging may lead to porous regions, and hydrogen inclusions
[Filtvedt et al., 2013], [Hansen et al., 2007], [Odden et al., 2005]. To a large extent it
is possible to overcome these challenges by limiting the mean bubble size, limit the
silane concentration and maintain the right temperature profile close to the silane
inlet of the FBR [Filtvedt et al., 2013].

The experimental data presented in this paper together with the modeling tool
may be one step towards the implementation of a tool to describe the reactant
inlet thermal profile for various designs, and thus aid further design work for such
reactors.

5.5 Conclusions

In this chapter, a comparison between Siemens reactors and FBRs is presented; it
contributes to the current debate in the polysilicon community with the development
of theoretical models with the same basis, supported on the experimental experience.
The parameters that more strongly influence both processes are identified, and
the actual possibilities of changing the relevant parameters to address the current
limitations of both processes discussed.

Moreover, CFD models for two polysilicon CVD reactors are here presented. A
CFD model of the laboratory Siemens reactor is developed; simulated results are
in agreement with the previously reported theoretical and experimental ones. In
addition, the thermal distributions within a fluidized bed reactor are explored by
means of a CFD modeling; and both experimental data and associated modeling are
presented.
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The CFD models for the Siemens and FBR prototypes developed give us
reasonable estimates of the temperature distribution, therefore they become an
important tool for further understanding of the basic reactor design aspects of
these processes and will help in optimal temperature profiling of these systems.
The reactant thermal profile is key to understand how the fundamental reactions
influence the product quality, and the models presented give relevant insight to
address this issue.
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CHAPTER

SIX

CVD reactors innovations

In this chapter, advantage is taken of the comprehensive model and several
approaches to reduce heat loss in Siemens reactors are proposed: thermal shields
and new deposition surface concepts. These novel concepts are explored by means
of theoretical calculations and tests in the laboratory Siemens prototype. Moreover,
a novel contribution to the radiation heat loss model described in subsection 3.1.3
is here presented.

6.1 Thermal shields

A thermal shield placed surrounding the polysilicon rods inside the reactor chamber
may help to reduce radiation losses; the impact of this element is here analyzed. A
number of experiments considering thermal shields are conducted in the laboratory
Siemens reactor, and the effect on radiation heat savings obtained is put forward.

6.1.1 Potential to reduce radiation heat loss

The potential of different thermal shields in an industrial Siemens reactor is here
studied. Equations presented in subsection 3.1.3 are applied to a 36-rod state-of-
the-art Siemens reactor. The initial and final diameter of the polysilicon rods is 0.7
and 13 cm, respectively; and their length is 2 m.

In figure 6.1 the heat loss due to radiation in Watts (W) along a polysilicon
deposition process for a constant surface temperature of 1150◦C is shown; curves
presented correspond to the case with no thermal shield and four cases with thermal
shields -emissivities of the thermal shields are 0.3, 0.45, 0.55 and 0.7-. In table
6.1 the theoretical radiation and total heat loss savings for the thermal shields
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Figure 6.1: Radiation heat loss for a 36-rod Siemens reactor considering different thermal
shields. No thermal shield (blue), ε=0.7 (purple), ε=0.55 (cyan), ε=0.45 (red),
ε=0.3 (green).

Table 6.1: Theoretical radiation and total heat loss savings for different thermal shields.

Thermal shield Radiation heat loss Total heat loss
ε [-] savings [%] savings [%]
0.3 65.8 36.2-42.8
0.45 52.6 28.9-34.2
0.55 44.3 24.4-28.8
0.7 30.5 16.8-19.8

referred above are presented. The radiation heat loss savings, compared to the
heat loss if no thermal shield is considered, are 65.8, 52.6, 44.3 and 30.5% for
thermal shield emissivities (ε) of 0.3, 0.45, 0.55 and 0.7, respectively. That means,
assuming radiation heat loss is responsible for typically 55-65% of the total power
consumption, that with a thermal shield with ε=0.3 a power consumption reduction
to 36.2-42.8% is obtained, while for ε=0.7 the reduction would be to 16.8-19.8%.

In figure 6.2 the temperature reached by the different thermal shields depending
on their emissivity is presented. In all cases, and from the beginning of the process,
these temperatures are above 850◦C, which will result in polysilicon deposition on
these surfaces. Thus, after a few minutes of deposition process the thermal shields
surface emissivity will be 0.7, e.g., that of silicon. Furthermore, contamination issues
can arise unless the shields are of a highly pure material. One way to overcome these
drawbacks would be to use a thermal shield made of purified silicon. Not only will
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Figure 6.2: Thermal shields temperature depending on their emissivity (ε) along a deposition
process. Thermal shield emissivities: ε=0.7 (purple), ε=0.55 (red), ε=0.45
(blue), ε=0.3 (green).

it avoid contamination, but also one can collect the silicon deposited on the shields,
adding it to the silicon produced in a batch. A patent exploiting this idea has been
developed by researchers of the Institute, in the frame of the work that precedes to
this Thesis [del Cañizo et al., 2012].

The potential of thermal shields can be compared to the use of a polished or a
reflective-coated inner wall of a reactor, which will lower the wall emissivity. Fixing
the growth rate and knowing the power consumption along a deposition process,the
initial and the final diameters of the polysilicon rods, the energy consumption
in kWh/kg can be calculated. In figure 6.3 the kWh/kg ratio for the case of
a reflective-coated wall is compared to the cases of considering a silicon thermal
shield, no thermal shield and a thermal shield of ε=0.3. For calculations in
figure 6.3 the emissivity of the wall and the thermal shields is considered constant
along a deposition process; and the radiation heat loss is 65% of the total power
consumption. The lowest kWh/kg ratio is obtained for a low emissivity thermal
shield, and the kWh/kg ratio for the case with a silicon thermal shield and polished
inner wall are quite close. However, notice that the low emissivity thermal shield
and the polished walls will not maintain their initial emissivities longer than a short
period of time, as silicon or some silane-based compound will deposit. After a few
minutes of deposition process the blue curve will start to move slowly upwards until
reaching the green curve; and the cyan curve will quickly move to behave as the
purple curve. Thereby, the effect of a thermal shield is more efficient in terms of
energy savings than considering a polished reactor wall; this statement is true even
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Figure 6.3: Total power consumption of a 36-rod Siemens reactor for different growth rates
considering: no thermal shield -εwall=0.5- (green), silicon thermal shield -ε=0.7-
(purple), thermal shield with ε=0.3 (cyan) and no thermal shield and polished
reactor wall -εwall=0.3- (blue).

considering a high initial emissivity value for the thermal shield (e.g., ε=0.7).

6.1.2 Thermal shield experiments in the laboratory Siemens
reactor

Subsection 2.1.3 lists the experiments conducted with thermal shields in the
laboratory Siemens reactor. Two different configurations, sketched in figure 6.4,
are tested: single rod and 7-rod configurations. Notice that the length of the rods
changes with the configuration, it is 53 cm for the single rod configuration and 10
cm for the 7-rod configuration.

First, the radiation heat loss equations considering thermal shields -presented in
section 3.1- are applied to the laboratory Siemens reactor. In figure 6.5 the radiation
heat loss for a single rod configuration with a low emissivity shield, with a silicon
thermal shield and without thermal shield is presented. The rod surface temperature
is 1100◦C. In figure 6.6 the temperature reached by the silicon and the low emissivity
thermal shields during a deposition process is shown.

From figure 6.5 it can be observed that considering a thermal shield with
ε=0.7, higher radiation heat savings than considering a low emissivity thermal
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Figure 6.4: One single rod and 7-rod configurations tested in the laboratory Siemens reactor.

shield are obtained. This result is easily explained: since the compactness in a
single rod configuration is very poor, the greatest part of the radiation that a
thermal shield gives back reaches itself again, instead the silicon rod. In industrial
reactors -or considering designs with better compactness in the laboratory Siemens
reactor- higher energy savings are achieved for lower thermal shield emissivities;
now the greatest part of the radiation that the thermal shield gives back reaches
the rods. In figure 6.7 the radiation heat loss for a 7-rod configuration with a
low emissivity shield, with a silicon thermal shield and without thermal shield is
presented; it can be observed how the reasoned above is in agreement with this
figure. Now, the temperatures reached by the thermal shields are a little higher than
the ones calculated for the single rod configuration, but always below polysilicon
deposition temperature. In both configurations the silicon thermal shields reach
lower temperatures than the low emissivity thermal shields. This is explained since
lower emissivity materials need to reach higher temperatures to accomplish the
energy balance equation, regardless of the compactness of the design.

Since the temperature of the thermal shield in the laboratory reactor is lower
than in the industrial case, the laboratory prototype allows us to test the effect of
thermal shields with different emissivities. The key parameter for the selection of the
thermal shields material is the emissivity (ε); but also, the selected material must
be easily machinable, and available with the geometries and thickness required for
its assembly inside the reactor chamber, so its mechanical strength must be assured.
The following materials are evaluated: molybdenum, boron nitride, stainless steel,
aluminum oxide (alumina), zirconium, graphite foil and silicon. In table 6.2 the
relevant properties of these materials are presented; it is important to know the
material properties at different temperatures to be able to predict its behavior at
process temperatures.
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Figure 6.5: Theoretical calculations for radiation heat loss in the laboratory Siemens reactor
for a single rod configuration considering a silicon thermal shield (blue), a low
emissivity thermal shield -ε=0.3- (red) and without thermal shield (orange).

Figure 6.6: Theoretical calculations for the silicon thermal shield (green) and ε=0.3 thermal
shield (purple) temperature along a deposition process in the laboratory Siemens
reactor (single rod configuration).
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Figure 6.7: Radiation heat loss in the laboratory Siemens reactor for a 7-rod configuration
considering a silicon thermal shield (blue), a low emissivity thermal shield -
ε=0.3- (red) and without thermal shield (orange).

Table 6.2: Properties of different materials considered for the thermal shields [Lide, 2005],
[Gubareff et al., 1960].

Material ε [-] (T=25◦C) ε [-] (T∼600◦C) Machinability
Molybdenum - 0.8-0.9 Medium
Stainless steel 0.6-0.8 0.7-0.9 Low
Alumina - 0.3-0.4 Low
Boron nitride 0.9-0.95 - Medium
Zirconium - 0.1-0.3 High
Graphite foil 0.7-0.9 0.4-0.6 Low
Silicon - 0.7 Medium
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Table 6.3: Experimental data obtained for the single rod configuration experiments; third
batch.

Alumina shield Silicon shield No shield
(3.1)1 (3.3) (3.4)

Tdeposition [◦C] 1075-1100 1025 1070
Si deposited [gr] 24.17 25.56 26.40
Poweraverage 3010.82 2320.04 2503.84
Time [min] 485 330 290
Twall [◦C] 61 58 56
Tshield [◦C] 274 315 -
Growth rate [µm/min] 1.54 2.44 2.88
Consumption [kWh/kg] 1006.93 499.23 458.40

Single rod configuration

From the different materials listed in table 6.2, silicon and alumina are selected for
the third batch of experiments (single rod configuration with thermal shield -see
subsection 2.1.3-). A second material with ε < 0.4-0.5 is chosen; both zirconium
and alumina accomplish this criterion but due to its better machinability alumina is
selected. The graphite foil could also accomplish both criteria, but it is discarded due
to its lower maximum operating temperature and its corrosion at high temperatures.

The third batch of experiments comprises these three experiments: single rod
with alumina shield (experiment 3.1), with silicon shield (experiment 3.3) and
without any shield (experiment 3.4). In table 6.3 the relevant data of these
experiments is presented. From the data presented in table 6.3, big differences
can be appreciated between the experiment 3.1 and the experiments 3.3 and 3.4;
mainly in energy consumption and growth rate values. The reason is that the inlet
flow rate of TCS in experiment 3.1 was half of the typical one used in the laboratory
reactor due to a failure of the TCS supply system; which explains the lower growth
rate and the higher kWh/kg obtained.

In the case of experiments 3.3 and 3.4, both were conducted in similar conditions
and they can be compared. No relevant differences in the power consumption and
the kWh/kg ratio obtained are observed; thus, there are no energy savings due to
the presence of the silicon shield. This result is in disagreement with that predicted
by theory. Theoretical calculations assume that the silicon shield behaves as a grey
body with ε=0.72, and this is not a true assumption in this case. A minimum
thickness is necessary to assume the grey body behavior, and ε can vary with
temperature and radiation wavelength (λ); thus, silicon radiation behavior depends

1TCS supply system failure.
2The concept of grey body was explained in subsection 3.1.3.
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on its thickness and temperature. In the present case, the silicon shield thickness is
300 µm, which is shown not to be enough to block an important part of the radiation
coming from the rod and heat itself up, until 500-600◦C (needed to assume a constant
ε(λ)=0.7 [del Coso, 2010], [Siegel and Howell, 1972]). The fact that the reactor wall
temperature is very close in experiments 3.3 and 3.4 illustrates that the silicon shield
considered is transparent to radiation. Small differences in these two experiments
in terms of growth rate or energy consumption are explained due to the deposition
temperature difference.

7-rod configuration

The fourth batch of experiments listed in subsection 2.1.3 test different thermal
shields with a 7-rod configuration inside the laboratory Siemens reactor. This
configuration is chosen since the total radiation heat emitted from the rods to
the thermal shield is quite higher than when considering a single rod; and higher
temperatures of the thermal shields during polysilicon deposition are expected,
above 500-600◦C according to the model, which is high enough so that we can
assume a constant ε(λ)=0.7 for the case of a silicon thermal shield. The length of
the rods is now 10 cm due to power supply limitations and safety reasons.

From the thermal shield materials listed in table 6.2, the following ones are
tested: silicon, alumina and stainless steel. Different thickness of these materials
are considered, as well as a silver coating of the inner surface of the thermal shields3.
Silver emissivity is very low (ε ∼ 0.02-0.05), so if this coating stands the process
temperatures, high energy savings will be expected.

In the following tables the relevant data related to these experiments is presented.
First, in table 6.4 all thermal shields are described and related to their corresponding
label. Then, the experimental results are grouped in ‘silicon shields’ and ‘alumina
and stainless steel shields’; tables 6.5 and 6.6, respectively.

From the data presented table 6.5, energy savings obtained with the different
silicon thermal shields are similar. The kWh/kg ratio reduction obtained considering
thermal shields related to experiment 4.3 are between 26.54 and 28.39%. All these
experiments were conducted in similar conditions and their duration is quite similar.
Despite the fact that the deposition surface temperature is in all cases around
1100◦C, there exists a difference in the growth rate obtained in experiment 4.3.
This is so because the presence of a thermal shield changes the gas temperature
distribution, and higher temperatures are achieved in the gas surrounding the silicon
rods. Note that the results of experiment 4.8 are not presented: this experiment
reproduced during the first hours the same values of experiment 4.7 and it was

3Silver coatings deposited have a few hundreds of nanometers of thickness.
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Table 6.4: Experiments conducted with 7-rod configuration in the laboratory Siemens
reactor; fourth batch.

Experiment name Description
No shield (4.3) Without any thermal shield
Silicon shield (4.2) Multi-crystalline silicon thermal shield

(290 µm/layer; 3 layers)
Silicon shield (4.7) Mono + Multi-crystalline silicon thermal shield

(400 + 290 µm; 1 + 1 layers)
Silicon shield (4.9) Mono + Multi-crystalline silicon thermal shield

(400 + 290 x 4 µm; 1 + 4 layers)
Silicon shield (4.8) Mono + Multi-crystalline silicon thermal shield

silver coated (400 + 290 µm; 1 + 1 layers)
Alumina shield (4.4) Alumina shield

(1 mm thickness)
Alumina shield (4.6) Alumina shield silver coated

(1 mm thickness)
Alumina shield (4.1) Alumina shield

(1 cm thickness)
Steel shield (4.10) Stainless steel shield

(1 mm thickness)
Shield structure (4.5) Stainless steel structure of the different thermal

shields

Table 6.5: Experimental data obtained for the 7-rod configuration experiments: ‘silicon
shields’.

Experiment 4.3 4.2 4.7 4.9
Tdeposition [◦C] 1106 1101 1108 1108
Si deposited [gr] 50.74 61.90 59.30 59.83
Poweraverage 2343.33 1979.13 2041.90 2121.75
Time [min] 392 406 385 375
Twall [◦C] 279.96 233.07 184.24 181.24
Tshield [◦C] - 678 641 616
Growth rate [µm/min] 2.94 3.45 3.56 3.56
Consumption [kWh/kg] 310.73 216.08 220.95 221.64
Energy savings [%] - 28.39 26.77 26.54
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Table 6.6: Experimental data obtained for the 7-rod configuration experiments: ‘alumina
and stainless steel shields’.

Experiment 4.3 4.4 4.6 4.10
Tdeposition [◦C] 1106 1107 1108 1098
Si deposited [gr] 50.74 65.28 53.73 49.33
Poweraverage 2343.33 2333.31 1668.59 1915.15
Time [min] 392 430 404 388
Twall [◦C] 279.96 142.02 175.00 152.02
Tshield [◦C] - 736 705 570
Growth rate [µm/min] 2.94 3.56 3.23 2.98
Consumption [kWh/kg] 310.73 256.16 205.10 251.10
Energy savings [%] - 15.10 30.70 16.78

stopped. The silver coating did not withstand the process temperatures and gas
environment, and no additional energy saving was achieved.

From the data presented in table 6.6, energy savings in kWh/kg -compared with
experiment 4.3- vary between 15.10 and 30.70%. Now, comparing experiments
4.4 and 4.6, the silver coating seems to be effective; however its behavior differs
from that expected from its theoretical ε (further explanations will be presented in
subsection 6.1.3). Data of experiment 4.1 are not presented: all values measured
along this experiment are virtually identical to those of experiment 4.4. Thus,
different thickness of the alumina thermal shield have no effect on energy savings
in this case. Besides, wall temperature measurements in experiment 4.10 are not
reliable. Another experiment -4.5- was conducted to check if the structure used
to support the thermal shields has any effect on the energy consumption. No
relevant differences between an experiment without thermal shield and with the
shields structure are found.

Lastly, in experiments conducted with silicon thermal shields etching is detected
over the surface of the shields. This is attributed to the presence of the SiCl4 as
a by-product of the reduction reaction. The occurrence of this phenomenon versus
polysilicon deposition depends on the mol fraction of SiCl4, which will depend on
the deposition surface temperature [Grove, 1967], [Sze, 2001]. Low or high SiCl4
concentrations and lower temperatures favor the etching. However, as already
explained, at industrial deposition conditions the temperature of the thermal shields
will be such that polysilicon will be deposited on the thermal shields, and no etching
is expected.
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6.1.3 Discussion on energy savings

From the above, energy savings have been obtained for the 7-rod configuration
experiments considering different thermal shields. If applying the comprehensive
model for heat loss in a Siemens reactor presented in section 3.1 to this configuration,
the energy savings expected depend on radiation heat loss savings, thus on the
thermal shield emissivity (ε)4. In table 6.7 the power consumption predicted by the
model for different thermal shield emissivities and the energy savings expected, are
presented. For these calculations a constant deposition temperature of 1100◦C, the
same growth rate and the same duration of the deposition processes is considered,
averaging the measured data.

Table 6.7: Laboratory Siemens reactor power consumption (P) predicted by theory for
different thermal shield emissivities (ε) and energy savings. 7-rod configuration.

ε [-] Paverage [W] Energy savings [%]
no shield 2436.5 -
0.9 1901.2 21.97
0.8 1818.2 25.38
0.7 1725 29.20
0.6 1619.3 33.54
0.5 1498.5 38.50
0.4 1359.1 44.22
0.3 1196.4 50.90
0.2 1004.2 58.79
0.1 773.3 68.26

If experimental data from tables 6.5 and 6.6 (average power consumption and
energy savings) is compared with these calculations, a good agreement for the
case of no thermal shields is obtained; differences between both values are under
3.8%. Notice that our calculations consider constant deposition conditions, while
experimental conditions of deposition process lightly vary from one experiment to
another.

For the experiments conducted with thermal shields, the averaged power
consumption and energy savings obtained vary between 1668.59-2333.31 W and
15.10-30.70%, respectively. According to data presented in table 6.7, the previous
values correspond to thermal shield emissivities above 0.6. In the case of the silicon
thermal shields, the energy savings obtained correspond to ε = 0.7-0.8, for the
alumina shields to ε> 0.9, for the silver coated alumina shield to ε = 0.6-0.7; and
for the stainless steel shield to ε> 0.9. These ε values do not correspond to those

4Which, as already explained, is independent of wavelength as all elements are assumed to
behave as grey bodies.
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found in bibliography assuming the grey body approach. This was already expected,
as explained in subsection 3.1.3; since the grey body approach simplifies much of
the radiative behavior of real bodies.

6.1.4 Reflectance, transmittance and emissivity measure-
ments

As presented in subsection 3.1.3, the thermal radiation emission occurs in the 0.1 to
100 µm wavelength range; however, the greatest part of this radiation occurs in the
range of 0.1 to 20 µm [Kreith and Bohn, 2002c], [Modest, 2003]. Known ρ(λ) and
τ(λ), the absorptivity α(λ) is obtained from equation 3.11. The grey body approach
assumes that τ=0; and all opaque surfaces accomplish α(λ) = ε(λ).

With the aim of clarifying the real emissivity of the thermal shield materials
tested in the laboratory Siemens reactor, reflectance (ρ) and transmittance (τ)
measurements for different λ are conducted. Both, ρ(λ) and τ(λ), can be measured
directionally or integrated; in the present case integrated measurements are the
adequate ones since the materials considered do not present specular surfaces. These
measurements are conducted at room temperature.

In figures 6.8, 6.9 and 6.10 the integrated transmittance measurements -in the
wavelength range λ ∈ (2.5− 20)µm- for different thermal shields are presented. In
all cases, noticeably for the silicon shields, the integrated transmittance is τ 6= 0.
In figure 6.8 measurements for three different silicon thermal shield are presented.
Integrated transmittance measured is in average 53.2, 41.3 and 6.8% for the 400µm
mono-crystalline, 290µm multi-crystalline and 290 x 3µm multi-crystalline silicon
samples, respectively. In figure 6.9 measurements of 1 mm alumina and 1 mm
alumina silver coated samples are presented. Now, their averaged integrated
transmittance is 8.1 and 0.8%, respectively. Notice that for λ > 7µm, τ ' 0.
In figure 6.10 measurements of 1 mm stainless steel are presented; its averaged
integrated transmittance is 0.5%.

Integrated reflectance measurements are also conducted; in figures 6.11, 6.12 and
6.13 ρ(λ) for λ ∈ (2.5-20) µm for silicon, alumina and stainless steel are presented.
From figure 6.11, the averaged reflectance of the silicon samples varies between 40-
44%. From figure 6.12, the averaged reflectance measured for the alumina sample
is 48.1%. Furthermore, the reflectivity of the silver coated alumina sample is close
to 98.9% for all measured wavelengths, while the measurement of the silver coated
sample after deposition process shows a behavior that is quite close to that of the
alumina sample; thus, the silver coating did not stand process temperatures. Finally,
from figure 6.13, the averaged reflectance measured for the stainless steel sample is
92.8%.

121



6. CVD reactors innovations

Figure 6.8: Integrated transmittance (τ) of: 400 µmmono-crystalline silicon (green), 290 µm
multi-crystalline silicon (purple) and 290 x 3 µm multi-crystalline silicon (red).

Figure 6.9: Integrated transmittance (τ) of 1 mm alumina (cyan) and 1 mm alumina silver
coated (blue).

Figure 6.10: Integrated transmittance (τ) of 1 mm stainless steel (orange).
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Figure 6.11: Integrated reflectance (ρ) of 400 µm mono-crystalline silicon (blue) and 290 µm
multi-crystalline silicon (green).

Figure 6.12: Integrated reflectance (ρ) of alumina (blue), silver coated alumina (orange) and
silver coated alumina after a deposition process (red).

Figure 6.13: Integrated reflectance (ρ) of 1 mm stainless steel (orange).

The average values of the transmittance and reflectance integrated measurements
mentioned above are presented in table 6.8. Only the silver coated alumina and the
stainless steel samples present a very low transmittance.
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Table 6.8: Average values of the transmittance and reflectance integrated measurements of
the different materials in the wavelenght range 2.5-20 µm.

Material Thickness [µm] τ [%] ρ [%]
Silicon 400 53.2 40.2
Silicon 290 41.3 44.0
Silicon 290 x 3 6.8 -
Alumina 1000 8.1 48.1
Alumina + Ag 1000 0.8 98.9
Stainless steel 1000 0.5 92.8

Definitely, materials experimentally tested in the laboratory Siemens reactor
at room temperature do not behave as grey bodies, and similar behavior can be
expected at higher temperatures [Paloposki and Liedquist, 2005], [Kennedy, 2002].
The latter explain the differences between the predicted energy savings and the
empirically obtained ones. Despite the above, it has been experimentally proved that
considering thermal shields important energy savings in the polysilicon deposition
process are obtained.

6.2 Novel contribution to the radiation heat loss
model

The model for radiation heat loss for a Siemens reactor described in subsection 3.1.3
presents a few limitations. For instance, the procedure to calculate the configuration
factors (Hottel’s crossed-string method) considers that the rod length is infinite.
Nevertheless, the error when using this method compared to considering the real
length of the rods for a typical Siemens reactor is around 2% at the beginning
and under 6% at the end of the process [del Coso, 2010], so we can consider
the Hottel’s method acceptable for the radiative heat transfer calculations of a
Siemens reactor; the configuration factors calculations for finite length are quite
complicated and requires computational simulation. The radiation heat loss model
also considers opaque materials with a constant emissivity for all wavelengths (grey
body approach). However, we have shown in the previous subsection 6.1.4 that the
emissivity of real materials varies with the temperature and the wavelength.

In this section a novel contribution to the heat loss model is developed; the
emissivity variation with the wavelength is introduced for radiation heat loss
calculations, and results obtained with the present and the previous radiation heat
loss model are compared.

Radiation heat loss is here obtained by means of equations 6.1, 6.2, 6.3 and 6.4.
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These equations are similar to the ones presented in subsection 3.1.3 but now they
are solved independently for each wavelength considering ε(λ).

Si ·
1

1− εi(λ)
·Ji(λ)−

n∑
j=1

Si ·Fi−j ·Jj(λ) = Si ·
εi(λ)

1− εi(λ)
·σ ·T 4

i i = 1, ..., n (6.1)

Ei(λ) = εi(λ) · σ · T 4
i (6.2)

Gi(λ) =
1

1− εi(λ)
· (Ji(λ)− Ei(λ)) (6.3)

Qi(λ) = Si · (Ji(λ)−Gi(λ)) (6.4)

The net heat flux exchanged (Qi) in Watts by any surface (Si), is obtained
integrating Qi(λ) along all the radiation spectrum. In equation 6.5 the net heat flux
exchanged by a surface is presented; Eb(λ) is the total radiation emitted per unit
area of a black body indicated in equation 3.12.

Qi =

∫∞
0
Qi(λ)Eb(λ) dλ∫∞
0
Eb(λ) dλ

(6.5)

The same approach is followed if there are extra surfaces, as the thermal shields,
for which the equations to solve are wavelength dependent. The net heat flux
exchanged (Qi) in Watts by any surface (Si), is again obtained integrating Qi(λ)
along all the radiation spectrum; but by replacing equation 6.1 with equations 6.6-
6.8.

Si ·
1

1− εi(λ)
·Ji(λ)−

m∑
j=1

Si ·Fi−j ·Jj(λ) = Si ·
εi(λ)

1− εi(λ)
·σ ·T 4

i i = 1, ...,m−1 (6.6)

Sm ·
1

1− εm(λ)
· Jm(λ)−

m∑
j=1

Sm ·Fm−j · Jj(λ) = Sm ·
εm(λ)

1− εm(λ)
· σ · T 4

m (6.7)

(Sm ·
εs(λ)

1− εs(λ)
+

1

γ(λ)
) · σT 4

m − Sm ·
εs(λ)

1− εs(λ)
· Jm(λ) =

σT 4
n

γ(λ)
(6.8)

Note that the emissivity values considered now can be wavelength dependent, but
materials still are considered being opaque (τ = 0).
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Figure 6.14: Black body radiation emitted power at 550 (green), 920 (red) and 1150◦C
(purple).

Once the set of equations and conditions is established, we now perform a
sensitivity analysis and results obtained with this and the previous radiation heat
loss model for the same materials are compared. It is important to know the
wavelengths range in which thermal radiation occurs. Planck’s Law for a black
body radiation indicates this range, which is temperature dependent. In figure 6.14,
the black body radiation emitted power at different temperatures is shown. As the
body temperature decreases, the total emitted power and the relevant wavelength
range also decreases.

Once the relevant wavelength range is known, ε(λ) values for all surfaces involved
are required. Radiation heat loss obtained applying the novel model will be as close
to reality as reliable the ε(λ) data available is.

The novel model for radiation heat loss is here applied for radiation heat loss
calculations of a 36-rod industrial Siemens reactor. Two different thermal shields
with an averaged ε(λ) = 0.7 are considered; emissivity variation of the materials
considered as thermal shields is presented in figure 6.15. It can be observed that
ε(λ) of material 1 is approximately constant, while ε(λ) of material 2 is strongly
dependent on the wavelength.

Radiation heat loss for λ ∈ (0.1, 20) µm, calculated for a 36-rod industrial
Siemens reactor, is presented in figure 6.16. The two scenarios presented -scenarios
1 and 2 from now on- correspond to material 1 and material 2 thermal shields,
respectively. In both cases, the radiation heat loss variation with λ is similar to the
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Figure 6.15: Emissivity ε(λ) for two different thermal shield materials: material 1 (cyan)
and material 2 (blue). In both cases, the averaged ε(λ) = 0.7.

corresponding variation of ε(λ) of the shield material considered.

When the surfaces presented in figure 6.16 are integrated along all the radiation
spectrum, the radiation heat loss values presented in figure 6.17 for scenarios 1 and
2 are obtained. This curves are presented together with the corresponding curve if
a constant emissivity for the thermal shield ε(λ) = 0.7 is considered -scenario 3-;
which corresponds to heat loss calculations of scenarios 1 and 2 developed with the
previous radiation heat loss model. It can be appreciated how the scenarios 1 and
3 are quite close, but great differences in radiation heat loss are obtained between
the scenarios 1 and 3, and scenario 2. In figure 6.18 thermal shields temperatures
along these deposition processes are shown. Again, scenarios 1 and 3 are quite close,
while values of scenario 2 differ significantly. The above is explained since not all
wavelengths contribute to the same extent to the radiation heat loss; in particular
for these three scenarios, the greatest contribution of ε(λ) occurs in the range λ ∈
(1-6) µm.

Through the novel contribution to the radiation heat loss model the effect of the
emissivity variation with the wavelength on radiation heat loss is put forward. All
scenarios shown in figures 6.17 and 6.18 present the same averaged ε(λ), however
great differences for the radiation heat loss calculations are obtained. These results
highlight the importance of having reliable data of emissivities in the relevant
range of wavelengths, and for the application of silicon CVD, at deposition process
temperatures, which is still a pending issue.
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Figure 6.16: Radiation heat loss for different wavelengths for two different thermal shield
materials: material 1 (top) and material 2 (bottom).
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Figure 6.17: Radiation heat loss for different thermal shield materials: material 1 (cyan),
material 2 (blue), obtained by integrating in wavelength figure 6.17. The case
of a material with a constant ε(λ) = 0.7 is presented for comparison (red).

Figure 6.18: Radiation heat loss for different thermal shield materials: material 1 (cyan),
material 2 (blue) and ε(λ) = 0.7 material (red).
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Table 6.9: Initial and final rod dimensions in scenarios (a), (b.1) and (b.2).

Scenario (a) (b.1) (b.2)
Initial inner diameter [cm] - 4 4
Final inner diameter [cm] - 4 0
Initial outer diameter [cm] 0.7 5 5
Final outer diameter [cm] 13 13 13

6.3 New deposition surface concepts

A number of patents exist proposing polysilicon deposition onto different kind of
surfaces and geometries to reduce the high energy consumption of the Siemens
reactors [Ceran, 2008], [Ceran, 2013a], [Wan et al., 2007], [Ceran, 2013b]. As
the energy consumption per kilogram of silicon produced is not constant along a
conventional deposition process, in all these patents the idea is the same: to obtain
a kWh/kg ratio as lowest as possible along all the deposition process by means of
considering deposition surface geometries more favorable than that of the state-of-
the-art slim rod; that is taking advantage of the higher volume deposited per time
unit when higher deposition area is available. Here, two different deposition surface
concepts are explored: polysilicon deposition onto hollow rods and flat surfaces.

6.3.1 Solid vs. hollow rods

This concept consists of replacing the characteristic slim seed rods of a Siemens
reactor with hollow rods with an initial outer diameter larger than the one of the
slim rods. This concept is presented in the US patent [Wan et al., 2007]. The
final diameter of the grown silicon rods is the typical one to make the approach
compatible with a conventional Siemens reactor.

To analyze the possible advantages of considering hollow rods, three different
scenarios are selected: conventional slim rods (a), hollow rods with polysilicon
deposition on the outer surface (b.1), and hollow rods with polysilicon deposition
in both -inner and outer- surfaces (b.2). In figure 6.19 the three different scenarios
are sketched; and in table 6.9 the initial and final dimensions of the corresponding
rods are indicated. For calculations presented below a constant growth rate of 12
µm/min is considered and the rods height is 2 m. These calculations have been
carried out with the comprehensive model applied to an industrial 36-rod Siemens
reactor -see section 4.4-; for conduction heat loss calculations it is assumed that the
ratio convection heat loss/conduction heat loss is constant and equal to such ratio
obtained if applying the model to the laboratory scale reactor.
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Figure 6.19: Sketch of the scenarios conventional slim rods (a), hollow rods with polysilicon
deposition on the outer surface (b.1), and hollow rods with polysilicon
deposition in both -inner and outer- surfaces (b.2).

Now, in figure 6.20, the kWh/kg ratio along a deposition process for the scenarios
(a), (b.1) and (b.2) is presented; the averaged ratio obtained is 80.17, 52.64 and
47.99 kWh/kg, and the kilograms of silicon deposited are 61.7, 52.7 and 58.6,
respectively. The lower deposition time and the larger volume deposited per time
unit are responsible for the greatest energy consumption reduction in cases (b.1) and
(b.2). However, the power consumed instantly -in Watts- in these cases is higher
than in case (a); since heat loss is directly dependent on the surface area, that is
bigger in cases (b.1) and (b.2).

Figure 6.20: Energy consumption in kWh/kg of silicon produced along deposition processes
for the three scenarios (a) -blue-, (b.1) -purple- and (b.2) -red-.

A real scenario considering hollow seed rods will not exactly reproduce cases
(b.1) and (b.2), but an intermediate scenario is expected. Case (b.1) assumes no
polysilicon deposition on the inner surface, while case (b.2) assumes the same growth
rate on the inner surface as on the outer. In a real deposition process reactive gases
would fill the inner cavity; this condition is necessary to avoid pressure gradients
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from the inner to the outer surface5. On the one hand, temperatures at the inner
surface will be higher than those at the outer surface (the inner surface of each rod
is an enclosed cavity, so radiation heat loss is virtually zero), thus faster deposition
rates would be expected. On the other hand, a low renovation rate of the reactive
gas mixture is likely; leading to lower deposition rates. Therefore, in a real scenario
polysilicon deposition is expected on the inner surface, and the deposition rate at
this surface will depend on the surface temperature and the gas renovation rate in
the mentioned cavity.

Finally, for the hollow rod dimensions presented above, a reduction of the
energy consumption in kWh/kg between 34.3 and 40.1%, compared to considering
conventional slim seed rods, is obtained.

Sensitivity analysis

A number of parameters directly affect the final kWh/kg ratio obtained considering
hollow seed rods: initial outer diameter, hollow rod thickness, rod height, maximum
working temperature and growth rate. A sensitivity analysis of the effect of these
parameters on the polysilicon production and energy consumption is performed.

If the rods height is 1.8 m instead of 2 m, the kWh/kg ratio and the deposition
process length do not change, but the quantity of kilograms of polysilicon deposited
does. Now, 55.5, 47.4 and 52.7 instead 61.7, 52.7 and 58.6 kg are deposited for
scenarios (a), (b.1) and (b.2), respectively.

Increasing the initial outer diameter (keeping constant the hollow rod thickness),
higher initial rod diameters lead to lower energy consumption -kWh/kg-, but also a
lower amount of polysilicon will be obtained. In table 6.10 the effect of varying the
initial outer diameter on the deposition process length, the kWh/kg ratio and the
kilograms of polysilicon obtained are shown. The hollow rod thickness is constant
and equal to 0.5 cm. From data in table 6.10, for higher initial outer diameters
lower energy consumption is obtained, but also the kilograms of polysilicon obtained
decrease; thus, a compromise solution between the kWh/kg ratio and the polysilicon
production must be achieved.

Now, the same volume -kilograms- of polysilicon deposited is considered in
scenarios (a) and (b.1). The initial outer diameter of the hollow rod is 7.5 cm
and the final diameters are 13 and 15 cm for scenarios (a) and (b.1), respectively.
Note that a larger reactor baseplate may be necessary for scenario (b.1). In both
scenarios 61.7 kg are deposited, while the deposition process length and the energy
consumption are 85.42 h and 80.17 kWh/kg in scenario (a) and 52.08 h and 49.26

5In industrial Siemens reactors the deposition process condition of pressure is ∼6-7 bar.
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Table 6.10: Effect of different initial outer diameters -3, 5 and 8 cm- on the deposition
process length, the kWh/kg ratio and the kilograms of polysilicon obtained.

Scenario (a) (b.1) (b.2) (b.1) (b.2) (b.1) (b.2)
Initial outer diameter [cm] 0.7 3 3 5 5 8 8
Time [h] 85.42 69.44 69.44 55.56 55.56 34.72 34.72
Consumption [kWh/kg] 80.2 60.6 56.9 52.6 58.0 45.5 42.5
Si [kg] 61.7 58.6 60.0 52.7 58.6 38.4 54.9

kWh/kg in scenario (b.1). It is worth mentioning that since a deposition process to
achieve the same kilograms of polysilicon is shorter in scenario (b.1), if the downtime
is kept constant in both scenarios, the annual productivity of scenario (b.1) will be
translated into higher annual productivity. E.g., if the downtime between runs is 18
h, in this scenario (b.1) the annual productivity is 1.48 times that of scenario (a).

In all cases, lower energy consumption is achieved if lower thickness are
considered; the minimum hollow rod thickness must assure enough mechanical
strength during the whole deposition process. In the case of the hollow rods the
deposition area is higher than considering the conventional rods; thus to expect the
same deposition rate in all these scenarios the inlet gas flow rate of scenarios (b.1)
and (b.2) should be increased proportionally to the area increment.

Figure 6.21: Qualitative temperature distribution at different times of the deposition process
for the three scenarios (a), (b.1) and (b.2).

Finally, the maximum temperatures of the rods cannot reach temperatures close
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to the silicon melting temperature -1414◦C-. In scenario (a) maximum temperatures
are reached at the center of the silicon rod, and in scenario (b.1) along a ring whose
diameter is between the outer and inner diameters of the hollow rod. Scenario
(b.2) evolves from scenario (b.1) to scenario (a). This is illustrated qualitatively
in figure 6.21. The worst case -higher temperatures- occurs in all scenarios at the
end of the process. In scenarios (a) and (b.2) higher temperatures than in (b.1) are
reached; and in scenario (b.2) the higher temperatures will be equal or lower than
those reached in scenario (a). Thereby, considering the same final diameter in all
scenarios, the maximum working temperature will not limit polysilicon deposition
onto hollow rods, provided that it would not limit the conventional scenario (a).

6.3.2 Rods vs. plates

The concept of polysilicon deposition onto flat plates can be found in a number
of patents [Ceran, 2008], [Ceran, 2013a], [Wan et al., 2007]. Again, the idea is to
achieve higher volume deposited per unit time increasing the deposition surface.
The increment of power consumption -due to the increment of the total surface
area- is expected to be compensated with high deposition ratios -kg/min-. In the
following, how the previous effects are balanced and their impact on the final energy
consumption is studied.

Figure 6.22: Sketch of the scenarios (c) two conventional slim seed rods and (d) one plate.

Now, each rod pair of a conventional Siemens reactor is replaced with one plate
of the same height. Thus, two scenarios are chosen: (c) two conventional slim seed
rods and (d) one plate. In figure 6.22 sketches of scenarios (c) and (d) are presented;
it can be clearly observed that the initial surface area in scenario (d) is much bigger
than that in scenario (c), what is translated in much higher power requirements
since the beginning of the deposition process. In scenario (c), the distance between
two silicon slim rods forming a U-rod is considered to be 21.5 cm; and the initial
and final diameter of the rods is 0.7 and 15 cm, respectively -which means 7.2 cm
deposition thickness-. This corresponds to 163.1 kg of polysilicon deposited at the
end of the process.

To obtain the same kilograms of polysilicon in scenarios (c) and (d) the deposited
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thickness in the latter scenario depends on the initial dimensions of the plate.
Considering a constant plate thickness of 0.5 cm, 5.6 cm deposition is needed if
the plate length is 22 cm. As the plate length shortens the deposited thickness
should increase and vice versa; e.g., if the plate length is 18 or 30 cm the deposition
thickness would be 6.2 or 4.7 cm, respectively.

Considering a constant growth rate of 12 µm/min for both scenarios, the
deposition time for scenario (c) is 99 hours, while for scenario (d) is 86, 78 and
65 hours for 18, 22 and 30 cm plate lengths, respectively. Notice that scenario
(d) leads in all cases to shorter deposition processes than scenario (c) for the same
productivity per run. Thus, if the downtime keeps constant and equal to 18 h in
both scenarios, considering plates of 18, 22 and 30 cm length in scenario (d), the
annual productivity is 1.12, 1.22 and 1.41 times the annual productivity of scenario
(c).

To be able to compare the energy consumption, the radiation heat loss model
is applied to scenarios (c) and (d). Higher amount of radiation is blocked since
the beginning of the deposition process in the case of the plates due to their flat
geometry. In figure 6.23 radiation heat loss savings for the scenario (d) for different
plate length and deposition thickness is presented. Averaged radiation heat loss
savings per unit area in scenario (d) are 40.1, 47.8 and 59.1% -for 18, 22 and 30 cm
plate length, respectively- compared to the radiation heat loss obtained for scenario
(c).

To obtain the energy consumption in kWh/kg, convection heat loss per unit
area is assumed to be the same in both scenarios; and for conduction heat loss
calculations it is assumed that the ratio convection heat loss/conduction heat loss
is that obtained if applying the model to the laboratory Siemens reactor. Then, the
energy consumption is 76.8 kWh/kg in scenario (c), and 66.9, 65.0 and 62.3 kWh/kg
-for 18, 22 and 30 cm plate length, respectively- in scenario (d).

Sensitivity analysis

Now, similarly to the case of hollow rods, a number of parameters affect the
energy consumption and productivity obtained if considering a plane geometry:
thickness and length of the plate, plate height, growth rate and maximum working
temperature.

Regarding to the plate dimensions, for a fixed deposited thickness, if the height
of the plate decreases, polysilicon productivity will proportionally decrease and vice
versa. Also, shorter lengths and thinner plates lead to lower productivity, however
the effect of the plate thickness can be disregarded. Moreover, the height and the
thickness of the plates will not affect the kWh/kg consumed but the plate length
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Figure 6.23: Radiation heat loss savings for the scenario (d) -compared to scenario (c)- for
different plate length and deposition thickness. The black points correspond
to 18, 22 and 30 cm plate length and the same polysilicon productivity -kg- as
scenario (c).

will do. As shown above, smaller plate lengths lead to higher energy consumption,
mainly because the amount of blocked radiation decreases.

The change of geometry and the increment of the deposition surface in scenario
(d) may require higher inlet gas flow rates to achieve deposition rates similar to
those obtained in scenario (c); the inlet flow rate should be increased until similar
reactive gases concentration per unit area at the deposition surface is reached.

Finally, the maximum deposition thickness will be limited by the maximum
acceptable temperature during the deposition process. In subsection 6.3.1, the
temperature profile of a conventional silicon rod was described: the maximum
temperature will be reached at the end of the deposition process at the center of the
rod, and this parameter cannot reach the silicon melting temperature -1414◦C-. In
scenario (d), the maximum temperature will be reached at the end of the deposition
process along the area that conforms the center of the plate. For the same material
and thickness, the temperature gradient between the center and the surface will
depend on the heat loss per unit area; for a constant surface temperature higher
heat loss per unit area leads to higher inner temperatures. Since both, deposition
thickness and energy consumption, are lower for scenario (d) than for scenario (c),
it is not expected that the maximum working temperature will limit polysilicon
deposition in scenario (d).
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6.3.3 Laboratory tests of new deposition surface concepts

Experiments conducted in the laboratory Siemens prototype were described in
subsection 2.1.3. The fifth batch of experiments were developed in the frame of a
research contract with an American company to test the viability of new deposition
surface concepts as the ones described previously in this section. These experiments
still continue today due to the promising results so far; in short, homogeneous
heating of a number of plates until deposition temperature and polysilicon deposition
onto different surface geometries has been obtained.

Figure 6.24 shows a photograph taken with a thermal camera demonstrating the
homogeneous heating up of a plate. This heating up was conducted outside the
reactor chamber before a deposition process, and the temperatures that correspond
to the red colored area are in the range of 400-410◦C. In figure 6.25 a photograph
of a cross section of a plate after a deposition process is shown. In this case the
plate material is not silicon, and it presents a darker color; the bright grey material
corresponds to the deposited silicon.

Figure 6.24: Photograph taken with a thermal camera showing the homogeneous heating up
of a plate heated to the range of 400◦C.
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Figure 6.25: Photograph of a cross section of a plate after a polysilicon deposition process.

6.3.4 Discussion

The advantages regarding to polysilicon productivity and energy consumption when
considering polysilicon deposition onto new surface concepts are clear. However,
other factors that could limit or affect negatively if considering these novel concepts
must be considered.

Both concepts described -hollow rods and plates- take advantage of higher
deposition area than the convectional rods achieving higher productivities and/or
consuming less kWh/kg; but these numbers are obtained assuming the same
deposition rate in the novel scenarios than in the traditional one. When
implementing these new concepts, at least a similar reactive gases concentration
per unit area at the deposition surface is necessary to be able to expect the previous
results. The later requires higher inlet flow rate, which means higher reactive gases
consumption; and this operation cost increment must be considered in the global
picture.

In all cases, a homogeneous temperature distribution on the deposition surface
is required. In the case of the conventional rods this is easily achieved by the Joule’s
effect heating. In the case of the hollow rods the heating up of the rods can be
conducted in a similar way, and a homogeneous heating can be achieved provided
the electrode contacts assure a proper electrical connection. The case of the plates
is more complex; each plate is connected at the bottom part end to the conventional
electrode pair. If a solid plate is considered, only the bottom part of the plate
will be heated up; since the current always flows through the shortest path. Thus,
to achieve an homogeneous heating of a plate by Joule’s effect it requires a more
complex design. Moreover, the current flowing through the plate during a deposition
process cannot reach the surface of the plate; if that happens the current will start
to flow through the bottom part of the silicon crust -that is now the shortest path-
leading to a non-homogeneous heating.

To introduce any material different than silicon inside the reactor chamber may
lead to contamination issues and lower output material quality. For the hollow
rods concept, those can be silicon-made avoiding contamination issues. But for
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the case of polysilicon deposition onto plates, the complex design of the plate that
is required -in particular the electrical isolation between the plate and the silicon
crust- may need to consider materials different than silicon. And any material that
may be considered must withstand deposition conditions, and be pure enough to
produce solar grade silicon. Fortunately, there are already industrial applications
where silicon at high temperatures is in contact with a variety of materials, without
a major compromise on the product quality.

In the preceding subsections the maximum deposition thickness achievable
was discussed. It is worth mentioning that the thermal conductivity of the
silicon depends on the current density flowing through. Then, the qualitative
comparison developed in subsection 6.3.2 is not completely accurate. Higher thermal
conductivity leads to lower temperature gradient, and in the present case, the
thermal conductivity of silicon at high temperatures increases if there is current
flowing through. Then, if the plate surface is electrically isolated, for the heat loss
per unit area obtained in scenario (d) the maximum deposition thickness achievable
is 5.2-5.6 cm and 6.1-6.7 for surface temperatures of 1150 and 1100◦C, respectively6.

Finally, adaptability of these new concepts -just as described above- to
conventional Siemens reactors is straightforward; however the required changes lead
to extra expenses that must be taken into account in the economical evaluation of
these alternatives. The potential of the approaches in terms of productivity and
energy savings have been shown to be high enough to accommodate these extra
expenses, but a detailed analysis should be finally made. Moreover a new reactor
design may exploit the potential of these novel concepts better than the traditional
Siemens one, although then the capital expenditures need to be considered in detail.

6.4 Conclusions

In this chapter the potential to reduce radiation heat loss considering different
thermal shields in a Siemens reactor is studied, and compared to the effect of
polishing the reactor inner wall. The effect of a thermal shield is more efficient in
terms of energy savings than considering a polished reactor wall; this statement is
true even considering a high initial emissivity value for the thermal shield. Moreover,
experiments considering different thermal shields are conducted in the laboratory
Siemens reactor. Despite the real materials tested in the laboratory Siemens reactor
do not behave as grey bodies, it is experimentally proved that with thermal shields
important energy savings in the polysilicon deposition process are obtained.

A limitation of the radiation heat loss model for a Siemens reactor presented in

6Calculated applying the Fourier’s law.
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subsection 3.1.3 is put forward; thus, a novel contribution to the existing model is
here presented. Through the novel contribution to the radiation heat loss model
the effect of the emissivity variation with the wavelength on radiation heat loss is
put forward. The importance of having available reliable emissivity data is stated,
which is challenging for the processing temperatures of interest.

Finally, polysilicon deposition onto alternative surfaces and geometries to those
of the slim seed rod pursue reducing the high energy consumption of the Siemens
reactors taking advantage of the higher volume deposited per time unit when higher
deposition area is available. Two different deposition surface concepts are explored in
this chapter: polysilicon deposition onto hollow rods and flat surfaces. Advantages
regarding to polysilicon productivity and energy consumption are put forward in
both cases. Moreover a number of laboratory scale experiments to test the viability
of the new deposition surface concepts are conducted. These experiments still
continue today due to the encouraging results so far.
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CHAPTER

SEVEN

Conclusions and future work

This Doctoral Thesis comprises research on solar grade silicon production through
the chemical route. In particular, on the chemical vapor deposition from
trichlorosilane in a Siemens-type reactor to produce polysilicon. This work also offers
insights on the strengths and weaknesses of the fluidized bed reactor in comparison
with the Siemens one.

7.1 Conclusions

This Thesis has addressed the objectives that were presented in section 1.4, giving
the following conclusions as outcome:

The influence of different operation conditions on the polysilicon deposition
processes conducted in a laboratory-scale Siemens-type reactor has been studied.

• Experiments conducted in the laboratory Siemens reactor have proven the
satisfactory operation of the prototype reactor, and have allowed to acquire an
important knowledge. Rod heating and temperature control have been successfully
achieved, and some conditions that favor the pop-corn phenomena to occur have
been identified. The growth rate slows down in the low temperature regime
(deposition surface at 900-1000◦C), while it increases in the high temperature regime
-above 1100◦C-. In addition, deposition rate also has a strong dependence on the
TCS concentration; for the TCS concentration range studied, the higher the amount
of TCS in the gas mixture, the faster the deposition rate achieved. The reduction
reaction yield for polysilicon has been obtained to be 30.3, 24.0 and 20.8% at 1100◦C
for TCS:H2 ratios of 1.33:1, 2:1 and 3:1, respectively. Lastly, energy consumption
numbers obtained with the laboratory Siemens reactor are in the range of 350-400
kWh/kg for one single rod configuration; several times higher than those in industry.
This high energy consumption is explained due to the bad compactness of the single
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rod configuration and the process pressure (which is at least 6-7 times lower than in
industry).

A comprehensive model of the Siemens process has been developed, accounting
for all phenomena responsible of the energy consumption.

• Contributions to the energy consumption of polysilicon CVD processes,
Siemens reactors and FBRs, are put forward. Phenomena responsible for the energy
consumption of the CVD processes are the same in both type of reactors: radiation,
conduction and convection via gases heat loss. Of these, the major contributor
in a Siemens reactor is radiation heat loss; in case of FBRs, radiation and the
heat transfer due to mass transport are both important contributors to the energy
consumption.

• Theoretical models for radiation, conduction and convection heat loss in
Siemens reactors have been developed; shaping a comprehensive theoretical model
for heat loss. Conduction and convection heat loss phenomena must be jointly
studied. First, the temperature distribution in the gas surrounding a polysilicon rod
has been calculated. Then, conductive heat loss through the gases can be calculated
from the Fourier’s Law and convective heat loss can be also calculated starting from
the gas temperature distribution if the convection coefficient is known. The model
developed for convection heat loss has found a known analytical solution, cylinder in
parallel flow, acceptable to approximate the convection coefficient for the geometry
and flow conditions under investigation. Radiation heat loss is calculated separately.
For radiation heat loss calculations, the fraction of energy leaving a certain surface
that arrives to another surface must be evaluated; this calculation has been done
using a geometric method called Hottel’s crossed-string method.

• Limitations of the radiation heat loss model for a Siemens reactor have been put
forward, and a novel contribution to the existing model has been developed. Through
the novel contribution the effect of the emissivity variation with the wavelength on
radiation heat loss has been considered. From the comparison of the novel and
the previous radiation heat loss models the importance of having available reliable
emissivity data of the involved materials at deposition temperatures has been stated.

The comprehensive model has been applied to a laboratory scale reactor for
validation, and the models scaled to industrial processes.

• The theoretical comprehensive model for heat loss in a Siemens reactor has
been empirically validated. The theoretical models for radiation, conduction and
convection via gases heat loss developed have been applied to the laboratory Siemens
reactor. Theoretical and experimental results for three different deposition processes
-single rod configuration and rod surface temperatures of 1000, 1100 and 1150◦C-
have been compared. The maximum difference between experimental measurements
and theoretical calculations is 4, 2.5 and 1% in experiments conducted at 1000, 1100
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and 1150◦C, respectively; which are within the experimental error. In the laboratory
scale Siemens reactor the radiation heat loss is responsible for 63.6-70.3% of the
total energy consumption, and conductive and convective phenomena are responsible
for 13.7-16.6% and 7.2-9.3%, respectively. Moreover, the radiation and convection
heat loss models are extended to the industrial scale. While the relation between
radiative and conductive heat loss for the laboratory reactor is 7.5-8.8, for the
industrial scale Siemens reactors is 0.88-1.20 due to the improvement in compactness.
Despite the difficulty to find truly and detailed numbers of power consumption in
industry processes, theoretical calculations for radiation and convection heat loss
for an industrial reactor presented in this paper are in agreement with the lumped
figures reported by industry. The comprehensive model is therefore an important
tool for radiative and convective heat loss calculations and, ultimately, for the energy
consumption of the Siemens reactors.

• A CFD model for the Siemens-type laboratory prototype has been developed.
Simulated results are in agreement with the previous ones -both theoretical and
experimental ones-. For the laboratory Siemens reactor the CFD model allows to
identify the parameters responsible for the greatest power consumption and, thus,
suggest some modifications that could decrease the kWh/kg of silicon produced.
Higher flow rates lead to lower temperatures of the rod, the wall, and the outlet
gases; since convection and conduction heat loss via gases increase as the flow rate
does. But higher flow rates would be desired in order to reduce the kWh/kg ratio
consumed -deposition rate increases- being that most likely deposition rates would be
mass transfer controlled due to the high temperatures. Also, a high reflective reactor
wall leads to higher deposition temperatures for a fixed power input, therefore the
kWh/kg ratio can be reduced. The output material quality will be lower, but in
most cases enough to fulfil the purity required for the photovoltaic industry.

Different ways to reduce the energy consumption of the Siemens-type reactors,
mainly radiation losses, have been analyzed.

• An important potential to reduce radiation heat loss in Siemens reactors,
has been identified, considering different thermal shields or polishing the reactor
wall. Lower material-surface emissivities lead to higher radiation heat loss savings.
Also, the effect of a thermal shield is more efficient in terms of energy savings
than considering a polished reactor wall; even considering a high initial emissivity
value for the thermal shield. From experiments considering different thermal shields
conducted in the laboratory Siemens reactor, the real materials tested do not behave
as grey bodies as the theoretical model assumes. Even so, it has been experimentally
proved that considering thermal shields important energy savings in the polysilicon
deposition process are obtained. In particular, considering different silicon thermal
shields energy savings between 26.5-28.5% have been obtained.

• Novel surface deposition concepts have been explored -polysilicon deposition
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onto hollow rods and flat surfaces- that pursue reducing the high energy consumption
of the Siemens reactors taking advantage of the higher volume deposited per time
unit when higher deposition area is available. There are intriguing advantages
regarding to polysilicon productivity and energy consumption if considering
polysilicon deposition onto these new surface concepts. Moreover, a number of
laboratory scale experiments to test the viability of the new deposition surface
concepts have been conducted, with encouraging results so far.

A simplified model of a valuable variation of the Siemens process, polysilicon
deposition in a fluidized bed reactor considering the use of silane, has been developed,
and a comparison between both processes performed.

• The process of conversion of MS to solid polysilicon in a FBR has been
investigated by means of computational fluid-dynamics models. For the FBR
prototype the CFD model allows to explore the effect of a number of parameters on
the thermal distributions. Simulations considering different gas compositions and
varying the heat transfer coefficients have been carried out and the temperature
distribution obtained was virtually identical in all cases. The effect of the flow
rate in the temperature distribution is strong. As the flow rate is increased, the
temperatures at the monitoring points are reduced, and this effect is stronger
as we move far from the base plate. Similarly to the Siemens reactor, higher
wall emissivities lead to lower energy consumption while lower emissivities do the
opposite. Finally, the effect of the variation of the material properties for the
isolation element of the baseplate have been found to be quite relevant. Noticeable
changes in the gas temperature distribution at the very bottom of the fluidized
bed are observed if material with different thermal conductivities are considered.
Materials with lower thermal conductivities could be considered in order to increase
the undesired low temperatures of the gas region close to the baseplate; which are
responsible for the undesired fines formation.

• When comparing between the Siemens reactor and the FBR for polysilicon
production, the largest difference between the two reactor types is the heat transport
mechanisms in comparison to the transport of the reactant. For a Siemens type
reactor the dwelling time of the gases may be relatively long as the gas may be in
parts of the reactor with a too low temperature and the heat transport through
radiation is quite effective -due to the large temperature differences and that the
different surface are exposed in relation to each other-. For a FBR the reactant
is quite quickly heated to the point of decomposition upon being inserted to the
reactor, and the different surfaces are not directly exposed to each other, which
means that direct radiation is lower than for the Siemens layout. Moreover, in terms
of energy consumption, the alleged advantages of the FBR are not due to the FBR
itself, but to the use of MS gas instead of TCS. Both gases have about the same
decomposition initiation temperature but a very different deposition temperature
(for TCS in the order of 850-1100◦C whereas for silane 650-700◦C); this means that
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the actual temperature difference needed will be larger for TCS, which is directly
linked to the heat loss.

The works performed in this Thesis confirm the hypothesis that were outlined
in chapter 1:

• A robust and simplified model has lead to the understanding of the system of
study, allowing to draw conclusions for the process improvement, in particular
those related to heat losses.

• It has been shown that the processes of mass transfer and heat transfer can
be uncoupled, leading to a great simplification of the problem.

• Attention has been paid to the main differences in the laboratory and industrial
scale reactors, allowing for the extrapolation of the laboratory results to the
industrial level.

• Obtained results have shown that convection and conduction losses cannot be
disregarded, even if radiation losses are the most relevant ones, and the ones
that can be more straightforwardly reduced.

• The use of thermal shields and the deposition onto new surface concepts are
promising paths to reduce the energy consumption in the polysilicon CVD
process.

7.2 Future work

Proposed future work is summarised as follows.

• Taking advantage of the CVD prototypes, the relation between deposition
growth rates and different reactant concentrations should be more deeply studied,
and related with output material quality.

• The conduction heat loss model should be developed for industrial Siemens
reactors. This calculation should consider the whole reactor, and may need CFD
software for its resolution.

• Chemical kinetics of the polysilicon deposition in CVD reactors should be
accurately modeled to be able to predict the growth rate under certain operation
conditions, and validated through the CVD prototypes.

• Further research on materials for thermal shields should be conducted. The
ideal material would be such that avoids polysilicon contamination issues, be opaque

145



7. Conclusions and future work

for the relevant range of wavelengths, be capable of withstanding the deposition
process conditions and, for the case of the laboratory Siemens reactor, present the
lower possible emissivity. For the industrial scale reactors, silicon thermal shields
meet all necessary requirements and its advantages compared to other possible
materials should be further studied.

• The changes identified in the FBR prototype by means of the CFD model
developed should be tested as possible means to address the actual challenges of
this type of reactors.

• Research at the laboratory scale of the new deposition surface concepts for
polysilicon deposition should continue, testing the viability of different materials
and geometrical designs to extend these novel concepts to the industrial scale.
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