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Macroscopic networks consisting of nanosized building blocks unlock ma-
terial properties unavailable to bulk solids. For instance, higher toughness or
enhanced tolerance to electrochemical alloying than in monolithic solids can
be achieved by the use of one-dimensional (1D) nanostructures. These in-
clude Nanotubes (NTs) and Nanowires (NWs) that are defined by diameters
between 1-100nm and lengths of up to hundreds of micrometers. However,
their assembly into macroscopic 1D network materials remains challenging
since available synthesis methods, such as substrate-based chemical vapor
deposition (SCVD), fall short in scalability and/or require multiple produc-
tion steps and constrain the format of the ensemble. Hence, there is a need
for innovative fabrication processes for 1D nanostructures.

This work is the first study on synthesis of silicon nanowires (SiNWs) via
floating catalyst chemical vapor deposition (FCCVD), a scalable gas-phase
growth method that enables the continuous generation of 1D structures and
their direct integration into macroscopic fabrics. Essential for the continuity
of this process is the use of a gold nanoparticle aerosol instead of conventional
substrates.

In Article I it could be demonstrated that FCCVD leads to exceptional
SiNW growth rates of up to 1.4µm/s, exceeding for example standard SCVD
growth rates by a factor of 500. Furthermore, nanowires with average diame-
ters of below 30nm and large aspect ratios (>210) can be produced exhibiting
extraordinary flexibility in bending. In addition, long SiNWs synthesized at
gas-phase concentrations of 1.5 x 107/cm3 and higher, lead to the direct gen-
eration of free-standing fabrics without the need for any substrate or support
matrix. Such fabrics show a decent tensile ductility of around 3% and an im-
pressive fracture energy of 0.18±0.1J/g. As a proof of scalability continuous
metre-long SiNW tapes were also produced. Most importantly, Article I in-
dicates that FCCVD is likely to be applicable to other inorganic NWs, thus
laying the foundation for new fields of research on processing and properties
of nanowire network materials.

Article II studied the relation between catalysed growth of SiNWs and
non-catalysed formation of amorphous Si (a-Si) nanoparticles that compete
during FCCVD synthesis. Via Raman spectroscopy it could be shown that
the mass fraction of SiNWs in mixtures with a-Si can be accurately deter-
mined. In combination with gravimetric measurements an analytical model
could be developed, showing that the ratio of precursor/hydrogen carrier gas
kinetically controls the SiNW mass fraction: Hydrogen slows down the py-
rolisis of monosilane into silylene and, thus, leads to less a-Si while SiNW
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growth rate is practically unaffected. The latter was also found to be largely
independent from precursor availability. As a result, the kinetics of nanos-
tructure growth via FCCVD could be further elaborated.

InArticle III SiNW fabrics were tested as anodes in lithium-ion batteries
(LIBs). Thus, FCCVD synthesis was adapted to produce thick SiNW fabrics
with homogeneous areal mass density (±5%) and enhanced electronic con-
ductivity. Finished electrodes on a current collector were produced without
the use of any processing solvents or binders - a huge advantage compared
to conventional anode manufacturing processes. Via electrochemical tests
of high Si-content anodes (>75%) a gravimetric capacity of 2330 mAh/g at
C/20 could be determined. At a SiNW mass loading of 3.4 mg/cm2 areal
capacities larger than 9.3 mAh/cm2 (C/20) and 3.4 mAh/cm2 (1C) could be
achieved. Furthermore, the structural integrity of SiNWs remained in tact
after hundreds of cycles leading, for instance, to capacity retentions of ≈60%
after 500 cycles at C/2. Overall it was demonstrated that FCCVD is bene-
ficial for effective electrode assembly and the electrochemical results proved
the high-performance properties of SiNW fabrics as active material in LIB
anodes.

The excellent results on FCCVD synthesis and anode integration enabled
the filing of two patents with major contribution by the author of this thesis.
The latter has been fundamental for the creation of the spinnoff-company
Floatech, S.L., that seeks to commercialize Si-based anodes produced via the
developed FCCVD process.
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Los tejidos macroscópicos formados por nanocomponentes presentan prop-
iedades que son inexistentes en materiales convencionales. Por ejemplo, el uso
de nanoestructuras monodimensionales (1D) tiende a aumentar la resisten-
cia mecánica o tolerancia a aleaciones electroqúımicas. Lo anterior incluye
nanotubos (NTs) y nanohilos (NWs) definidos por diámetros entre 1-100nm
y longitudes de hasta cientos de micrómetros. Sin embargo, su ensamblaje
en redes macroscópicas 1D permanece un reto, ya que los métodos de śıntesis
disponibles, tales como SCVD, no son escalables y/o requieren una multitud
de pasos de producción. Es por eso, que existe la necesidad de un proceso
innovador para la fabricación de nanoestructuras 1D. Esta tesis doctoral es el
primer estudio de la śıntesis de nanohilos de silicio (SiNWs) a través de FC-
CVD, un método escalable de crecimiento de estructuras 1D en fase gaseosa
que permite la fabricación en continuo. Esencialmente para la continuidad
de este proceso se requiere el uso de nanopart́ıculas de oro en aerosol en lugar
de los sustratos convencionales.

En el Art́ıculo I se pudo demostrar que FCCVD resulta en un crec-
imiento de SiNWs con ratios de arriba de 1.4µm/s, excediendo por ejemplo
el crecimiento estándar SCVD por un factor de 500. Además, nanohilos
con un diámetro promedio de menos de 30nm y aspecto alto (¿210) pueden
ser producidos, presentando una extraordinaria flexibilidad. Unido a esto,
SiNWs largos sintetizados en fase gas con concentraciones de 1.5 x 107cm3

y mayores, resultan en la generación directa de tejidos autosuficientes que
no necesitan de ningún sustrato o matriz de soporte. Estos tejidos muestran
una buena ductilidad de alrededor del 3% y una impresionante enerǵıa de
fractura de 0.18±0.1J/g. Como prueba de escalado se produjeron rollos de
SiNW en continuo en escala metro. El Articulo I claramente indica que la
estrategia aplicada – de SCVD convencional a FCCVD – podŕıa ser aplicada
a otros NWs inorgánicos, lo cual tiende la base para nuevos campos de in-
vestigación.

En el Articulo II se estudió la relación entre crecimiento catalizado de
SiNWs y formación de nanopart́ıculas amorfas de Si (a-Si) no catalizadas
que competen durante la śıntesis de FCCVD. A través de espectroscopia Ra-
man se pudo mostrar que la fracción de masa de SiNWs en mixturas con
a-Si puede ser determinada con exactitud. En combinación con mediciones
gravimétricas se desarrolló un modelo anaĺıtico, mostrando que el ratio de
precursor/hidrógeno cinéticamente controla la fracción de masa de SiNWs:
El hidrógeno detiene la pirólisis de monosilano a silyleno y eso conlleva a
menos a-Si, mientras que el crecimiento de SiNW queda prácticamente ina-
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fectado. Este último también se encontró ser en gran parte independiente de
la disponibilidad de precursor. Como resultado del estudio, el crecimiento
cinético de nanoestructuras 1D via FCCVD se pudo elaborar más extenso.

En el Articulo III los tejidos SiNW fueron probados como ánodos en
bateŕıas de ion litio (LIBs). Para eso la śıntesis FCCVD fue adaptada para
poder producir tejidos de SiNW con un grosor arbitrario, con una densidad
homogenea (±5%), conductividad mejorada, y la posibilidad de ser adap-
tadas mecánicamente en un folio colector de corriente. Esto se logró sin usar
ningún tipo de solvente o agente adhesivo – una enorme ventaja comparado
con procesos convencionales de producción de ánodos. A través de pruebas
electroqúımicas en ánodos con gran contenido de Si (>75%) se pudo deter-
minar una capacidad lineal gravimétrica de 2330mAh/g a C/20. A cargas de
masa de SiNW de 3.4mg/cm2 se obtuvieron capacidades por área mayores
a 9.3mAh/cm2 (C/20) y 3.4mAh/cm2 (1C). Además, la integridad estruc-
tural de los SiNWs permaneció intacta después de cientos de ciclos. Como
resultado se obtuvieron retenciones de capacidad de ≈60% después de 500
ciclos a C/2. Sobre todo, se demostró que FCCVD presenta ventajas para
el ensamblaje efectivo de electrodos y el resultado electroqúımico resultante
probó buenas propriedades de comportamiento de los tejidos SiNW como
material activo en ánodos LIB. En base a los tres art́ıculos anteriormente
mencionados, los excelentes resultados de la śıntesis de FCCVD y la inte-
gración de tejidos SiNW en ánodos, se contribuyó en grán parte al registro
de dos patentes. Lo anterior, ha sido fundamental para la creación de una
compañ́ıa (Floatech S. L.) que busca la comercialización de ánodos de SiNWs,
productos del proceso desarrollado.
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Introduction to VLS-mediated SiNW growth
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Since the rise of electrical devices, silicon has been a major field of study.
Throughout the last few decades, semiconductor research has made an im-
pressive progress in enabling the fabrication of useful nano-sized silicon struc-
tures such as silicon nanowires (SiNWs),1 nanoparticles2 and thin films.3

Nevertheless, silicon research is far from being completely exploited.
SiNWs are rod-like structures with diameters between 1-100nm and lengths

of up to hundreds of micrometers. Their extremely high aspect ratio (classi-
fied as 1D material) combined with small scale gives them unique properties
that are absent from bulk silicon. This makes them an interesting candi-
date to enhance solar cells,4–6 thermoelectric devices7,8 and energy storage
devices.9–12

For instance, silicon has tremendous potential as anode active material in
lithium-ion batteries (LIBs).13,14 Current LIB anodes are commonly based on
graphitic carbon with a maximum specific capacity of 372 mA h g−1. Silicon,
on the other hand, features a theoretical specific capacity of 4200 mA h g−1,
which would be a massive upgrade if implemented successfully.15 However,
bulk silicon and large silicon particles suffer from rapid cracking caused by
the large volumetric changes occurring during insertion and extraction of
lithium. In contrast, SiNWs with diameters up to 220-260nm can withstand
repeated charge/discharge cycles and, thus, are very promising for enhancing
LIBs.16

The fabrication of SiNWs can be either performed by top-down or bottom-
up strategies which generally refer to etching of a raw crystal or crystal-
growth, respectively. Top-down methods are often time-intensive and have a
major inherent disadvantage: Most of the required crystalline silicon source
is etched away (up to 80% of the original ingot). This generally turns it into
an expensive and wasteful approach. Additionally, surface areas of silicon
wafers have a constrained size, forcing an upper limit on each SiNW synthe-
sis (batch process).10

For high throughput and low-cost production of SiNWs, bottom-up proce-
dures are more convenient. They are scalable and can be potentially operated
as continuous processes. One of the most popular bottom-up strategies is the
exploitation of the vapour-liquid-solid (VLS) mechanism discovered by Wag-
ner & Ellis.17 This is usually performed via SCVD, in which a substrate with
catalyst nanoparticles is inserted into a chemical vapor deposition (CVD) re-
actor. Given the right temperature profile as well as exposure to a gaseous
Si-precursor, the catalyst nanoparticles promote growth of crystalline SiNWs
in a self-assembled fashion. SiNW growth by SCVD is possible on metallic
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foils, thus overcoming size limitations of Si-wafers.18 However, this growth
mode still requires a supporting substrate for growth and to provide mechan-
ical stability to the ensemble.19,20

These limitations in SiNW growth are overcome in this work. In order
to transform CVD into a continuous production process, substrates can be
avoided by introducing airborne catalyst nanoparticles into the CVD reactor.
This growth strategy is called floating catalyst CVD (FCCVD) and, to the
best of our knowledge, has only been explored for the synthesis of gallium
arsenide nanowires (GaAsNWs), carbon nanotubes (CNTs) and boron nitride
nanotubes (BNNTs).21–23 Although few materials have been tested, FCCVD
has consistently shown to unlock a continuous exploitation of the VLS growth
mechanism leading to novel macroscopic 1D materials (e.g. kilometer long
CNT fibres22). Thus, it is a promising approach for revolutionizing 1D growth
of other technologically relevant materials such as SiNWs.

This chapter first introduces the VLS mechanism and potential catalyst
materials in detail. Afterwards, relevant concepts from thermodynamics &
kinetics for classic VLS growth are presented, followed by a compilation of
the major characteristics of FCCVD. Finally, the chapter is closed with the
objectives of this doctoral thesis.

1.1 VLS mechanism

Figure 1.1: Schematics of the VLS mechanism that is exploited for the gen-
eration of SiNWs via metal-catalysed CVD. Here, gold is indicated as the
metal catalyst and monosilane (SiH4) serves as the gaseous silicon precursor.

Research on SiNW growth dates back to the early 1960s. In 1964 Wagner
and Ellis published their seminal work where they proposed the so-called
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vapor-liquid-solid (VLS) growth mechanism.17 This particular working prin-
ciple is the centre point of SiNW growth via SCVD. It describes the chrono-
logical order of state of the silicon atoms as they react to become solid crys-
talline nanowires.

The classic working principle is as follows: first, a thin layer of a suit-
able metal catalyst is deposited on a silicon crystal substratea and heated
in a CVD reactor. As a result, a liquid metal-Si alloy is formed which
eventually separates into a sea of nano-alloy-particles.b Then, the liquid
alloy-particles are exposed to a gaseous silicon precursor, which represents
the vapour phase in the VLS succession. The airborne molecules encounter
the metal-Si alloys and are preferentially decomposed on the surface of the
liquid particles whereby silicon atoms are incorporated. The decomposition
and incorporation is a catalytic process and denotes the liquid state of the
Si-atoms. As more and more silicon is supplied into the eutectic particles, a
super-saturated state is induced. Consequently, excess silicon is precipitated
between substrate and catalyst particle in form of a crystal. This embodies
the solid state of the silicon atoms and final step in the VLS mechanism.
While the reaction takes place, the metal-Si particle remains at the tip of
the nascent SiNW enabling further crystal growth for as long as the supply
of Si-precursor is maintained.24

Fig. 1.1 schematically illustrates the VLS mechanism. A notable feature
of the depiction is the thicker diameter towards the root of the nanowire
which eventually becomes stable during advanced growth. This is an inherent
feature of the dynamic nature of the liquid alloy particle which changes its
contact angle and, therefore, its particle diameter throughout the initiation
of the nanowire growth process.

1.2 Catalyst

The metal catalyst plays a crucial role, which is why it must be elected
carefully. Primarily, it decides over feasibility, meaning whether it is able to
facilitate growth or not. And if so, which pressure and temperature ranges

aMay also be a substrate of different material.13 In that case, formation of liquid
Metal-Si alloy and subsequent nanoparticle generation is initiated with the introduction
of gaseous silicon precursor.

bThis is driven by the prevalent thermodynamic potential resulting in dewetting &
Ostwald ripening.
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are required. Besides, growth rate, growth mechanism, inevitable catalyst
doping of the SiNW, and other parameters are directly connected to the
choice of catalyst material.

As described before, VLS-mediated growth involves a mixture of silicon
and metal catalyst in form of a liquid alloy. Usually, the latter is an eutectic
mixture. This means that it exhibits a homogeneous distribution of the
constituent species where, depending on the applied temperature, only a
certain domain of mixing ratios are permitted. Additionally, eutectic liquids
have a particular point, referred to as eutectic point, which marks the lowest
equilibrium temperature of the eutectic system. In this, only a single mixing
ratio is stable. The relation between SiNW growth and the binary phase
diagrams of Si with gold & copper are discussed below.

Au-mediated VLS growth

Fig. 1.2 depicts the binary bulk phase diagram of silicon and gold. Pure gold
and pure silicon have melting points of 1064.18◦C and 1414◦C, respectively,
but the corresponding eutectic point is at approximately 363◦C (red point).
At this temperature the amount of silicon in gold is ≈19at.%. The liquid
region marked with ”L” is an energetically stable zone and, for instance, at
600◦C allows silicon percentages of around 17-27%. Nonetheless, the exact
percentage depends on the availability of each material. In the case of a thin
gold layer dispersed on a silicon wafer, the silicon content is given by the
right-hand-side (RHS) of the liquid boundary (green line) as Si-availability
is virtually unlimited compared to Au-availability. Since the liquid boundary
is part of thermodynamic equilibrium no compensation reaction is triggered
at this point.

SiNW growth via the VLS mechanism can only be provoked since no
intermediate phase (e.g. a gold-silicide phase) stands between the liquid
boundary and the pure silicon solid boundary (red line). Another reason
is that gaseous silicon atoms are preferentially incorporated by the eutec-
tic melt even if it causes a supersaturated state. Taking a closer look on
the phase diagram, supersaturation is schematically represented by the blue
point, which is located between the liquid eutectic boundary (green line) and
the solid silicon boundary (dashed red line). A particle with a Si content
higher than the liquidus line, i.e. supersaturated, is not in thermodynamic
equilibrium. Any Au-Si mixture that is pushed into this zone responds with
the precipitation of crystalline solid silicon (red line) until the Si-Au mixture
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Figure 1.2: Binary bulk phase diagram of silicon and gold. The x-axis shows
the atomic percentage of silicon in gold. Below the horizontal line at 363◦C
no mixing of silicon and gold takes place and both materials remain in a solid
state. The green dashed line denotes the RHS of the eutectic liquid phase
boundary. When the eutectic liquid is pushed towards excessive amounts of
silicon (e.g. blue point) pure crystalline silicon (red line) will be segregated.
Phase diagram was adapted from Schmidt et al.25 and edited.

returns to the RHS of the eutectic liquid boundary. Having said that, via
steady supply of gaseous silicon, supersaturation is sustained while simulta-
neous growth of SiNWs takes place. Thus, a steady-state equilibrium can be
established resulting in continuous SiNW-growth.

Using gold as a catalyst features several advantages which has led to
a high popularity among researchers. First of all, it is chemically stable
towards oxidation in air. This means that complicated in-situ handling of
Au-covered samples becomes redundant and no extraordinarily low CVD
reactor base-pressure is required. Furthermore, high availability as well as
low toxicity make it very practical and its relatively low vapour pressure
prevents gold atoms from reevaporation during nanowire growth. Yet, the
major advantage is the fact that it features a low eutectic temperature that
is compatible with fabrication standards in micro-electromechanical systems
(roughly <500◦C).26 All of this has made gold arguably the most popular
candidate for effective SiNW growth.
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Among the disadvantages is, of course, its generally high cost and fluc-
tuating price on the market. This is an important factor that needs to be
considered for any application that requires large amounts of nanostructures.
Also, when SiNWs are intended to be incorporated in optoelectronic devices,
for example those that rely on charge separation (e.g. solar cells), Au parti-
cles feature another major drawback: During VLS growth, a small amount
of catalyst atoms are inherently incorporated into the nanowires resulting in
an inevitable doping effect.27 It is well known that even mere fractions of im-
purity atoms can disrupt the desired electronic properties of nanostructures.
This is also the case for gold, which has proven to be detrimental to the
minority-carrier lifetime in silicon (crucial in solar cells). Fortunately, this
doping effect poses no significant downside for the use of SiNWs as active
material in energy storage devices.

Concluding, gold is an effective catalyst material that, above all, is suit-
able for fundamental research. Especially to further clarify important aspects
in the VLS growth mechanism and for the exploration of FCCVD synthesis
it is an excellent option to start with.28

Cu-mediated VLS growth

Nowadays, copper is considered as one of the potential alternatives to gold.
Fig. 1.3 illustrates the binary bulk phase diagram of Cu and Si which includes
several solid silicide phases below the liquid phase boundary.29 Nevertheless,
above the eutectic point (802◦C) growth is governed in the same way as
with gold - via the VLS mechanism (e.g. blue arrow). Despite the much
higher required temperatures, there are several publications that confirm
growth of long and crystalline SiNWs. Besides, copper is claimed to not be
as influential on the minority-carrier lifetime in silicon as gold, and post-
removal (e.g. aqueous etching) is reported to be simpler.9,30,31 From an
economical point of view, it is significantly cheaper and, therefore, could be
a more suitable candidate for a potential mass production process. However,
the fact that the eutectic point is substantially higher than in Si-Au mixtures
makes synthesis more prone to parasitic side-reactions. This means that it is
harder to produce SiNWs without a simultaneous contamination by silicon
particlesc and/or taperingd.

cStemming from non-catalyzed self-nucleation of gaseous silicon precursor.
dNon-catalyzed growth of silicon on SiNW-sidewalls leading to funnel-shaped struc-

tures.
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Figure 1.3: Binary bulk phase diagram of silicon and copper. The x-axis
shows the atomic percentage of copper in silicon. Below the liquid boundary
several distinct silicide phases can be obtained. The blue and red arrow
show potential VLS- and VSS starting points, respectively. Phase diagram
was adapted from Yao et al.32 and edited.

At this point, a remark on the relevance of the solid Cu-silicide phases
shall be made: via the concept of supersaturation through a gaseous precur-
sor, SiNWs can also be grown by using Cu3Si particles (e.g. η-phase; red
arrow). This process is called vapour-solid-solid (VSS) growth since the seed
particle is in a solid state. A very insightful report on this topic is given
by Wen et al.33 who carried out a sophisticated in-situ study on copper-
catalysed VSS growth.

The main difference between VLS and VSS is the growth velocity. Growth
rates in VSS are usually at least one order of magnitude lower, which is mainly
attributed to the combined effects of lower precursor decomposition kinet-
ics and slower atomic incorporation at reduced temperatures. Furthermore,
precursor diffusion occurs in a solid instead of a liquid.24,33,34

VLS- and VSS-catalyzed NWs can be distinguished by the composition
and morphology of the respective seed particles. For instance, depending
on the catalyst metal in VSS the seed particle composition can be the same
during and after nanostructure growth, which is never the case in VLS. Also,
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due to their solid phase, seed particles that catalyzed VSS growth usually
appear as multifaceted polyhedrons instead of smooth particles.33

Other catalysts

Besides Au and Cu, a much wider range of elements have been proven to
successfully catalyse SiNWs. Accordingly, in a review article by Schmidt et
al.35 a list of reported metal catalysts was put together. As shown in Fig.
1.4 those can be divided into three groups: Type-A catalysts form simple
eutectic phases with a silicon percentage above 10at.%. Type-B catalysts
form simple eutectic phases with a silicon percentage below 10at.%. Type-C
catalysts form metal-silicides with often non-trivial phase diagrams.

Figure 1.4: Elements reported to be able to catalyze SiNW-growth. A high-
vapour-pressure-indication marks elements that exceed vapour pressures of
0.01mbar at 300◦C. Therefore, they are unsuitable for standard low pressure
CVD. Figure was adapted form Schmidt et al.35

As it becomes evident, the implementation of a new synthesis strategy
and/or catalyst material for VLS growth requires detailed knowledge on the
respective binary phase diagram. Although such phase diagrams are very
accurate (usually based on experimental data), corresponding phase temper-
atures may shift if small-scaled particles are involved. Due to the stronger
impact of surface-atom properties the phase boundaries that are observed in
bulk change when nanosized systems are used. This is normally reflected in a
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reduction of the eutectic point, enabling VLS growth at lower temperatures
than predicted by standard binary phase diagrams.

For instance, according to a theoretical model by Witteman the eutectic
point of a 10nm Au-Si particle decreases by 32◦C (see Fig. 1.5).36 This
calculation is roughly confirmed by the experiments of Westwater et al. who
observed VLS growth of up to 40◦C below the bulk phase diagram eutectic.37

Figure 1.5: Theoretical calculation of the eutectic point with respect to parti-
cle diameter. The x-axis shows particle diameter in nanometers. The y-axis
shows the drop in temperature with respect to the corresponding eutectic
point in bulk. Figure was adapted from the dissertation of J. Wittemann.36

1.3 Thermodynamics & kinetics

Nanowire growth can be described through the solidification model elabo-
rated in detail by Huang et al.24 that is based on the works of Dayeh et
al.38 & Givargizov et al.39,40 During VLS growth, silicon goes through two
phase transitions - from gaseous to liquid and from liquid to solid. From a
thermodynamic point of view, a phase transition of an element is triggered
by an unequal chemical potential. At constant temperature T and constant
pressure p, the chemical potential can be written as

µ =

(
∂G

∂n

)

T,p

(1.1)

where G is the Gibbs free energy and n the particle number. Whether SiNW
growth takes place or not, depends on µ of silicon in the vapour state µSi−v,
liquid state µSi−l and solid state µSiNW . Through proper temperature and
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pressure conditions within a CVD reactor, the chemical potential of the dif-
ferent aggregate states can be manipulated into

µSi−v > µSi−l ≫ µSiNW (1.2)

resulting in a directed VLS cascade. Therefore, a positive net ”flow” of silicon
atoms from the gas state into the liquid state can be observed even if the
eutectic reaches supersaturated levels. Supersaturation of the seed particle
causes µSi−l ≫ µSiNW (see Fig. 1.6).

Figure 1.6: 1) + 2) During the annealing step, Si-atoms from the silicon
wafer (substrate) mix with gold until the Si-Au eutectic is saturated, thus
reaching an even µ with solid silicon. 3) + 4) A gaseous Si-precursor is added,
creating the desired µ-cascade µSi−v > µSi−l ≫ µSiNW where µSi−l stabilizes
at a steady-state equilibrium provided that T and p are held constant.

Although actual nanowire growth advances only at the liquid-solid inter-
face, the dual dependence of µSi−v −µSi−l and µSi−l −µSiNW points out that
the chemical potential gradient ∆µ defined as

∆µ = µSi−v − µSiNW , (1.3)

is in fact the thermodynamic driving force in VLS growth. Needless to say,
the magnitude of the gradient correlates with the growth velocity of the
SiNW. ∆µ can be further expressed as

∆µ = µSi−v − µSiNW
∼= µSi−l − µSiNW = kBT ln

(
Pin

P0(NW )

)
(1.4)

where kB is the Boltzmann’s constant, Pin the Si-adatom input partial pres-
sure and P0(NW ) the Si equilibrium partial pressure inside gold. The latter
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describes a hardly measurable parameter which, according to Fröberg et al.41

and Tan et al.,42 can be calculated by

P0(NW ) = P∞ exp

(
4κΩαvl

dkBT

)
∼= P∞ exp

(
4κΩαvs

dkBT

)
. (1.5)

P∞ is the partial pressure of silicon in Au-bulk, Ω the atomic volume of liquid
Si, αvl the surface energy density of the Si-Au alloy particle, αvs the surface
energy density of a solid Si facet (depends on crystal direction) at regular
VLS growth temperatures, κ a temperature dependent adjustment factor for
the surface energy density (takes curvature changes into account) and d the
diameter of the nanowire. In order to convert partial pressure Pi into its
corresponding concentration Ci, Herny’s law

Pi = kHCi (1.6)

is introduced, where kH is a constant. Therefore, C0(NW ) can be expressed
as

C0(NW ) = C∞ exp

(
4κΩαvs

dkBT

)
. (1.7)

Equations 1.4-1.7 can be substituted in different ways for examining impor-
tant kinetic and thermodynamic relationships between parameters of interest.

The following concepts have been derived from VLS growth experiments
of Ge nanowires (GeNWs) at low pressure conditions by Dayeh et al.38 and
were further discussed by Huang et al.24 Nonetheless, they hold for SiNWs
with diameters below 100nm at clean synthesis conditions (e.g. no tapering).

Size effects

The effect of nanowire size during VLS growth can be accounted for by

∆µ

kBT
=

∆µ0

kBT
− 4κΩαvs

d

1

kBT
, (1.8)

a result of Equation 1.4 and 1.5. Here, ∆µ0 is the supersaturation for an
infinite bulk seed particle (d → ∞). Equation 1.8 shows that a shrinking
diameter causes a decrease in ∆µ leading to a lower growth velocity. This
stems from the Gibbs-Thomson effect, a phenomenon which is generally ac-
cepted for simple nanowire systems such as SiNWs and GeNWs (see Fig.
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1.7a). Furthermore, Equation 1.8 entails a cutoff-limit, dc, where supersatu-
ration becomes zero resulting in termination of growth:

dc =
4κΩαvs

∆µ0

. (1.9)

Diameter, temperature and pressure have a strong influence on ∆µ and,
thus, on dc as will be further discussed below. Nonetheless, the factor
”κΩαvs”, which depends on material and crystallographic growth direction,
influences dc as well. For instance, although alterations are comparably small
the cut-off limit could be altered via purposeful doping.38

(a)

(b)

Figure 1.7: (a) GeNWs grown with lithographically defined Au catalyst par-
ticles. Each nanowire was exposed to the exact same conditions whereby
nanowires with thicker diameter grew faster. (b) Ge-concentration in Au with
respect to particle diameter at different temperatures. Dotted lines were cal-
culated using Equation 1.7 and dots correspond to experimental data. Both
figures were adapted from Dayeh et al.38

Equation 1.7 points out the relationship of the silicon equilibrium con-
centration to seed particle size. The resulting proportionality

C0(NW ) ∝ C∞ exp

(
1

d

)
, (1.10)

indicates that smaller diameter result in larger equilibrium concentrations,
which is supported by experimental data as shown in Fig. 1.7b. Hence, at
constant precursor pressure, the level of supersaturation drops with decreas-
ing particle size. As a consequence growth velocity is slowed.
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Temperature and pressure effects

Within established (moderate) VLS growth temperatures for simple systems
such as SiNWs and GeNWs, at constant precursor partial pressure a higher
temperature leads to a higher growth rate, v. At first glance, this observa-
tion does not match with the previous formulated concepts, since this would
actually reduce the level of supersaturation in the catalyst particle. How-
ever, the seeming contradiction is solved by the fact that growth rate, unlike
growth velocity, not only includes thermodynamic but also kinetic driving
factors. v can be measured by taking total nanowire length L and time t
into consideration:

v =
dL

dt
(1.11)

It is likely that beside a kinetic crystallization coefficient b growth rate
depends quadratically on the chemical potential gradient with a temperature
dependence in the denominator:

v = b

(
∆µ

kBT

)2

. (1.12)

This relation is supported by convincing empirical data38,43 as well as through
detailed modelling.44 The latter postulates that the quadratic relationship
is most accurate at synthesis conditions where adatom surface diffusion on
NWs is insignificant.

While analyzing the temperature and pressure effects on the thermody-
namics of VLS growth, it is helpful to rearrange Equation 1.12 and Equation
1.8 to √

v =
√
b
∆µ0

kBT
−
√
b
4κΩαvs

kBT

1

d
. (1.13)

Via Equation 1.13 the influence of temperature on the cutoff diameter can
be illustrated. At constant precursor partial pressure Equation 1.9 predicts
smaller dc values with decreasing temperature (µ0 ↓). Plotting Equation 1.13
confirms this relationship, as shown by Dayeh et al.38 who provided excellent
experimental data (for GeNWs) in line with the respective calculations. Fig.
1.8a indicates the intercepts of the x-axis at zero growth rate, hence the
inverse cutoff-diameter 1

dc
. The cutoff-diameter decreases as the temperature

is increased (dc ↑) as illustrated in the inset. On the other hand, growth
rate increases when particle diameter is larger. To have an overlook on
the thermodynamic growth velocity decoupled from kinetic effects, one can
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Figure 1.8: a) Higher temperatures lead to steeper velocity curves with re-
spect to inverse particle size. b) Decoupled growth velocity from kinetic
effects. Lower temperature and smaller seed sizes result in larger growth
rates. Dotted lines are fitted according to equation 1.13 whereas dots repre-
sent measured data for GeNWs. Both figures were adapted from Dayeh et
al.38

divide by the respective kinetic coefficient b. This is demonstrated in Fig.
1.8b where growth velocity drops with increasing temperature.

It is relatively straight forward that at constant temperature a higher
pressure of Si-precursor leads to an increase in ∆µ and, therefore, a higher
growth rate. To be more exact, at constant T the chemical potential gradient
becomes a function of ln(Pin/P0(NW )), which is empirically confirmed in Fig.
1.9a.

As emphasized before, a larger chemical potential difference also entails
a smaller cutoff diameter. Consequently, pressure affects the latter as well.
Analysing Equation 1.13, growth rate with respect to inverse seed size is
shifted to higher values as the precursor pressure is increased. However, the
slope remains the same as shown in Fig. 1.9b. Furthermore, from this data
a relationship between precursor partial pressure and the cut-off diameter
dc can be extracted (see inset). As precursor partial pressure is increased,
growth of NWs with smaller diameters are unlocked.

It is important to keep in mind that these concepts coincide within ideal
conditions. For instance, the ”effective” dc is hard to predict in case of
temperatures and pressures that considerably enhance tapering deposition.
Besides, all observations and concepts presented in this section resulted from
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Figure 1.9: a) b)Higher pressure (GeH4) leads to positively shifted velocity
curves with respect to inverse particle size. Dotted lines are fitted accordingly
(Equation 1.13). Dots represent measured data for GeNWs. Figures were
adapted from Dayeh et al.38

low pressure growth (<<100mbar) where NW growth is likely to be impacted
by small precursor partial pressures.45

Kinetics

As mentioned before, conventional nanowire growth is performed at relatively
moderate temperatures. In this, growth is usually kinetically limited as il-
lustrated in Fig. 1.10. Thus, during an increase of temperature the kinetic
crystallization coefficient b is dominant leading to an increase in growth rate.
Having said that, at excessive temperatures growth stops being kinetically
limited and becomes a mass-transport limited process.

In the typical temperature regime of Au-catalyzed SiNW growth (350-
700◦C), b is likely to follow an Arrhenius-type exponential dependence:

b ∝ exp(
−Ea

kBT
) , (1.14)

with Ea being the reaction-related activation energy.47 The latter is crucial
in explaining why nanowire growth is generally performed at the lower part
of the feasible temperature window despite slower growth rates. As it was
shown in Equation 1.2, the chemical potential for gaseous and solid silicon
is at the highest and the lowest, respectively. This range also enables so-
lidification routes other than through a catalytic intermediary liquid phase
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Figure 1.10: Schematic growth rate plotted against the inverse of tempera-
ture. At first nanowire growth is kinetically limited and eventually transitions
to a mass-transport limited process as temperature is substantially increased.
At extreme temperatures, desorption sets in. Figure was adapted from the
dissertation of S. Sivakumar.46

i.e. VLS. However, every potential route features its own activation energy
that, depending on the synthesis temperature, result in a different prevail-
ing reaction product. For instance, while gold-catalyzed decomposition of
monosilane features an activation energy of 17.5-22 kJ/mol,48–50 heteroge-
neous decomposition of monosilane (direct deposition of Si on a surface) has
a Ea of 29-38 kJ/mol.51,52 Thus, it is not surprising that at low tempera-
tures the VLS route is the preferred reaction pathway. In contrast, if the
temperature is increased non-catalyzed solidification routes with a higher Ea

may become the dominant product - a consequence of a faster reaction of a
direct gas-to-solid Si transition as opposed to a ”two-step” VLS mechanism.
Such non-catalyzed solidification pathways can form amorphous and/or crys-
talline silicon (depending on temperature) and do not lead to high-aspect 1D
structures. The competition between these reactions and NW growth in high
pressure FCCVD are discussed in Chapter 4.
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1.4 FCCVD

For many years the throughput of bottom-up grown nanowires has been
restricted by the area of the supporting substrate and operation as a batch
process. In order to bypass these limitations, catalyst nanoparticles have to
be provided continuously without the need for a substrate while maintaining
effective collection.

Fortunately, such an approach was successfully introduced for the growth
of 1D carbon fibers (CFs) more than three decades ago.53 In this process,
metal catalyst particles were supplied as an aerosol, growth was performed
within the gas phase and the resultant accumulation of structures could be
collected directly from the gas phase. Accordingly, this approach was named
floating catalyst CVD (FCCVD).

FCCVD turned out to be fairly versatile as growth of 1D nanomaterials
could be demonstrated as well. So far researchers were successful in adapting
FCCVD for the growth of CNTs, BNNTs and - as the first demonstration
for nanowires - for GaAsNWs.

Figure 1.11: FCCVD can be divided into 4 major steps: a) Metal nanocat-
alyst generation, for instance via thermal evaporation. b) Mixing of metal
catalyst with carrier gas and precursor gas. c) Exposure to heat for initi-
ation of nanowire growth. d) Collection of floating nanostructures. Figure
was adapted from Article II.

Modern FCCVD synthesis usually involves four major steps as illustrated
in Fig. 1.11. The first part involves the catalyst nanoparticle production,
which is either performed by thermal metal evaporation, nozzle assisted spray
generation or spark discharge generation. With the help of a carrier gas the
particles are then transported towards the heated reaction chamber. Before
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entering the hot zone, gaseous reactive species including the precursor are
added to the aerosol. As soon as the complete mixture is exposed to the
designated synthesis temperature in the furnace, nanostructure growth ini-
tiates and nominally ceases once the end of the hot zone is reached. Lastly,
direct collection can be performed either via gas filtration, electrostatic de-
position or even spinning depending on aspect ratio & concentration.54–56 It
is important to emphasize that the production of nanostructures continues
as long as catalyst particles and reactive gas species are provided to the hot
zone. Thus, an uninterrupted synthesis for an indefinite period of time can
in theory be established.

Figure 1.12: General comparison of temperature, time and precursor deple-
tion characteristics in FCCVD and SCVD. In contrast to SCVD, in FCCVD
catalyst particles are exposed to a non-constant temperature and precursor
profile while growth times are relatively short (< 15s).

SCVD and FCCVD are able to both exploit the VLS growth mechanism
for 1D nanostructure production. Nonetheless, there are key differences be-
tween the two process-types that significantly impact the final outcome. This
may also imply adaptations on their theoretical description. First of all, FC-
CVD does not require any form of substrate. This turns it into a continuous
growth method yielding higher throughput of nanomaterials. The dynamic
nature of FCCVD establishes a resemblance to a plug flow reactor (PFR)
whereas SCVD is most related to a continuous stirred tank reactor (CSTR).
In the latter case, growth occurs under a constant temperature profile for as
long as catalyst particles remain in the hot zone. Meanwhile, precursor con-
centration does not vary during the reaction. In contrast, FCCVD growth
depends on the residence time of the catalyst in the hot zone. Besides,
the catalyst experiences a non-constant temperature profile while traveling
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through the furnace and precursor concentration may differ depending on
the catalyst position (see Fig. 1.12).

Table 1.1: Comparison of major characteristics between SCVD and FCCVD.

SCVD FCCVD
Growth
mode

SLS, VLS VLS

Reactor
type

CSTR-like PFR-like

Residence
time

0-∞ <15s

Pressure
UHV-atm.
pressure

atm-pressure

Catalyst
generation

Lithography
Substrate deposition

Aerosol

Reaction
temperature

Limited by thin
film growth

Allows higher
temperatures

Growth
velocity (nm/s)

10−1-102 102-106

Precursor
depletion

None Possible

Material
collection

Attached to
substrate

Randomly oriented
in macrostructures

Materials
synthesized
(before this work)

>70
CNTs, BNNTs,

GaAsNWs
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Regarding reaction pressure, SCVD is performed in the low pressure
regime (<100mbar) and FCCVD is usually conducted at atmospheric pres-
sures. The latter is important for prolonging the relatively short growth times
experienced in PFR-like synthesis. A higher total reaction pressure also en-
ables the use of larger precursor partial pressures without causing parasitic
side reactions.57

It is likely that this is one of the main contributors to the most strik-
ing difference between FCCVD and SCVD - the growth rate. For each of
the aforementioned 1D nanomaterials, an accelerated growth in the order of
102-106 has been reported when synthesis was performed via FCCVD.58–60

Although in both approaches the exploited chemical mechanism is the same,
the growth rate limiting factors are probably not. SCVD is, amongst other,
likely to be notably affected by small precursor partial pressures.45 FCCVD,
on the other hand, is assumed to be mainly limited by precursor incorporation
at the liquid particle surface as precursor availability does not seem to have
a restrictive impact at high precursor partial pressures.61 Thus, diffusion-
related factors are minimized and growth is generally enhanced. Adding to
the ultra-fast growth rates, FCCVD also allows the reaction to take place
at higher temperatures, yet without the onset of undesired side reactions.57

As a result, conditions unavailable to SCVD with further accelerated growth
kinetics are unlocked.

1.5 Objectives

Before this thesis FCCVD has only been demonstrated for CNTs, BNNTs
and GaAsNWs, despite enabling continuous production routes of high perfor-
mance materials. Naturally, the idea arose if the benefits of this process are
also exploitable for other technologically relevant nanostructures. Therefore,
this doctoral thesis was centered on the core question whether growth of 1D
nanostructures via FCCVD could be extended to other materials known to
work in SCVD. And if so, whether our understanding on FCCVD could be
sufficiently deepened for the purpose of unlocking effective production con-
ditions. In an ideal case, these would lead to novel macroscopic materials for
the exploitation in state-of-the-art devices, and to establishing FCCVD as
a universal strategy of synthesis and assembly of 1D nanomaterials beyond
conventional SCVD.



1 – Introduction to VLS-mediated SiNW growth 30

By targeting FCCVD synthesis of SiNWs - a well-known model system
in SCVD - the objectives of this thesis were defined as:

1. Design & installation of a FCCVD reactor with access to gaseous silicon
precursor gas

2. Verification of proper functionality of the FCCVD reactor through con-
trol of SCVD and metal aerosol experiments

3. Identification of suitable FCCVD synthesis conditions for continuous
SiNW production

4. Analysis of parameter influence on SiNW morphology, reaction selec-
tivity and precursor conversion

5. Characterization of FCCVD-grown SiNWs in devices.



CHAPTER 2

Construction of modular FCCVD reactor
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For first demonstrating the viability of SiNW growth via FCCVD, it was
necessary to acquire the appropriate hardware that would become the re-
actor. To do this, there were two options: Purchasing a fully integrated
CVD system and adding a metal evaporation unit, or designing the complete
FCCVD reactor from scratch. The former usually offers automatic control
of standard variables (e.g. gas flow, pressure, temperature, etc.) from the
very first moment of operation. Also, by following provided user protocols
experiments can be performed without the need for additional safety tests.
However, a fully integrated CVD system is often significantly more expen-
sive than an in-house designed reactor and, more importantly, offers only a
low degree in versatility. But the latter is key when state-of-the-art exper-
iments are planned and unforeseen challenges expected. For instance, the
replacement of a furnace that turned out too small or experiments beyond
default parameters can hardly be accomplished in a closed system. Thus, it
became evident that only an in-house designed FCCVD reactor were suitable
for tackling the anticipated challenges.

At the beginning of the doctoral thesis emphasis was set on building a
modular FCCVD reactor. The goal was to design key parts (e.g. reaction
zone, collection chamber) in a way that they could be independently rear-
ranged or replaced. The following list shows a brief overview of purchased
and/or constructed components that eventually formed part of the FCCVD
reactor:

• Gas sensors

• Gas lines & MFCs

• Metal evaporation unit

• Furnace

• Reaction tube

• Multi-functional chamber

• Inert gas box

• Gas exchange system

• Vacuum pumps
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2.1 Silicon precursor

In contrast to most constituent parts of the FCCVD reactor, the gaseous
Si-precursor could not easily be changed in case of unsatisfactory results.
The reason for that are severe costs and long lead times (>5months) of high-
safety gas lines that are required to that respect. This is why the gaseous
Si-precursors had to be chosen wisely - at a moment where not a single
experiment had been conducted.

Among others, gas providers commonly offer monosilane (SiH4) and a
variety of chlorosilanes as standard options. The latter are mainly used for
ultra-clean Si layer growth due to the simultaneous formation of chlorine.
However, the corrosive properties of chlorine may pose a certain safety risk
in heated metal tubes. Therefore, chlorosilanes were not taken into further
consideration.

Monosilane, on the other hand, does not notably affect hot metal surfaces.
Nonetheless, it requires high safety precautions because of its pyrophoric na-
ture. This means that it is able to undergo spontaneous combustion in con-
tact with air (at <54◦C) when the explosion concentration limit is surpassed.
Specific to monosilane, the latter is quite difficult to define since it highly
depends on gas release conditions and environment. Nonetheless, air con-
taining more than 0.4vol.% SiH4 is generally considered as pyrophoric and
ignition most often occurs instantaneously at room temperature.62,63

Regarding its effectiveness as a potential VLS precursor, it is useful to
compare respective gas decomposition temperatures with envisioned eutectic
melt temperatures. Fig. 2.1 summarizes the work of Wyller et al.64 who
have analyzed the complex behaviour of monosilane in a PFR at different
concentrations and temperatures. Generally it is agreed on that the very
first decomposition mechanism is:

SiH4 −−→ SiH2 +H2

followed by a myriad of polymerization reactions with either other silylenes or
already formed silanes. Wyller et al. demonstrate an onset of such a decom-
position at temperatures above 450◦C and a virtual depletion of monosilane
close to 700◦C. While this observation holds at different initial concentra-
tions, the ratio of formation of different silane-species does not remain as
constant: With fewer SiH4 present in the system, higher temperatures are
necessary to yield larger silanes. This is shown in the red line on the example
of trisilane (Si3H8).
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Figure 2.1: Normalized concentrations of SiH4 (black line) and Si3H8 (red
line) plotted against temperature. The results are shown for two distinct
initial monosilane concentrations in H2. Figure was adapted from Wyller et
al.64

It quickly becomes evident that monosilane is a highly reactive compound
where, amongst other, a delicate interplay of concentration and temperature
will likely decide over dominant growth routes. Nonetheless, the fact that
the onset of SiH4-decomposition occurs slightly above the eutectic point of
Si-Au binary mixtures (363◦C) still makes it a highly efficient precursor for
gold-catalyzed growth experiments. Conversely, a precursor prone to decom-
position below the eutectic point would be less promising for isolated VLS
growth. This is due to an inevitable presence of non-catalyzed mechanisms
when reaching VLS growth temperatures.

Accordingly, monosilane has gained a wide popularity for Au-mediated
VLS growth. Countless works on SiNW growth with SiH4 & gold nanoparti-
cles (AuNPs) have been published and can be used as relevant guide. Thus,
despite its hazardous and delicate decomposition properties a SiH4 gas line
was installed.
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2.2 Metal nanoparticle generation

For performing FCCVD experiments an aerosol of metal nanoparticles is
necessary. This can be generated via various approaches whereby popular
methods for AuNPs include:

• Joule heating (JH)

• Traditional high-temperature furnace (HT)

• Spark discharge (SD)

For instance, HT and SD have been reported to be utilized for FCCVD-
grown GaAsNWs.21,65 Each technique has its own specific advantages and
disadvantages:

In SD metal catalyst particles are generated via the application of a high
voltage between two electrodes separated in space. Once the break-down
voltage is reached, a discharge event in the form of a spark from the positive
towards the negative electrode occurs. The physical impact from such an
event removes metal particles from the electrodes into the gas phase, which
are then transported into the reactor via the carrier gas. The same process
is repeated over and over again.

SD is capable of yielding high concentrations of nanoparticles (>105#/cm3)
and can be used for any metal.66 Furthermore, particle generation can be ini-
tiated and stopped instantaneously. On the down-side, while the generated
particle size distribution is relatively narrow it occasionally yields massive
outliers (particles that can be up to 1000x larger than the average). Fur-
thermore, building a SD generator is not trivial and safety standards are
comparably high.

HT and JH heat the target metal above its melting point in order to
facilitate a gas phase transition according to the prevalent vapor pressure.
Within the carrier gas the as-produced metal atoms then form aggregates
which can be used as catalyst particles. Both methodologies only differ in
how the target material is heated. HT uses a conventional high-temperature
furnace whereas JH uses an electric circuit that includes an integrated resis-
tance - the ”heating pot”. Regarding particle generation, both are capable
of yielding very high concentrations (>106#/cm3) with small size distribu-
tions and no extreme outliers.67 However, depending on the target metal an
interference of the substrate/resistance may occur. This challenge is more
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relevant to JH since the material of the resistance must be (at least partly)
of metallic nature unlike to the pure ceramic substrates that can be used
in HT. As a result, the target metal has a higher tendency to form binary
phases with the resistance during heating. This can lead to contamination
of the target metal and in same cases even to a complete interruption of
the circuit (melt-down). On the bright side, heating in JH is extremely lo-
calized and does not require special ceramic compartments. In contrast to
a HT-installation, it can be performed in a simple metal vessel (even for
>1500◦C) without sophisticated cooling. On top, initiation and termination
of the heating process is relatively quick keeping idle evaporation low. On
the basis of these arguments a JH evaporation unit was home-designed and
integrated into the FCCVD reactor.

For obtaining a desired particle concentration and size distribution via
JH, the interplay of the following listed parameters is key:

• Carrier gas flow

• Carrier gas type

• Position and diameter of gas inlet & outlet

• Electrical power

• Target metal quantity/surface area deposited on resistance

Operation conditions that feature hotter temperatures as well as larger sur-
face areas of the target metal lead to more evaporated material per unit
time. With respect to controlling aggregation dynamics, shorter residence
times (before entering the FCCVD growth zone) and more dilute aerosols
benefit the formation of smaller aggregates/particles.

2.3 Modular FCCVD reactor

Constructing a vessel for carrying out a controlled chemical reaction takes
careful planning. This is all the more important when high temperatures
and explosive gases, such as hydrogen and monosilane, are involved. Thus,
major requirements of the reactor included the regulated introduction and
extraction of reactive gasses as well as a leak-tight structure.
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Figure 2.2: Structural design of the home-build FCCVD furnace. MFCs
with access to SiH4, H2 and N2 enable a controlled gas insertion into a metal
evaporator and the heated FCCVD/CVD zone. A multi-functional chamber
connects the growth zone with a valve and pump system. The latter is
capable of setting a desired synthesis pressure and safe gas extraction.

Fig. 2.2 shows the configuration that was put together during the early
stages of the doctoral project. A smooth assembly was ensured via concep-
tualisation on FreeCAD, a technical design software.

The beginning of the structure is marked by mass flow controllers (MFCs)
that regulate the insertion of reaction gasses. Via separate MFCs, the sys-
tem has access to high-purity nitrogen-, hydrogen- and monosilane-gas. If
necessary, gas flow may be directed through the JH evaporation unit be-
fore reaching the CVD chamber. In doing so, the respective gasses serve as
carrier for the metal aerosol. The CVD chamber is made out of a vertical
high temperature stainless steel tube capable of withstanding temperatures
up to 1150◦C. This ensures minimal leakage and avoidance of tube fracture
- something that can occur when ceramic tubes are used. The CVD zone is
connected to a large cube serving as a multi-functional chamber. That way,
view-ports, movable substrate holders and other equipment can be installed
in-situ. The chamber may also be used as a collection zone for nanostruc-
tures. Valves and pumps located at the end ensure a functioning pump &
vent system capable of setting a desired pressure in the FCCVD reactor.
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Figure 2.3: LabView user interface of control-program for the FCCVD reac-
tor. The program was written in collaboration with the IMDEA Materials
electronics department.

During the doctoral project, the reactor has several times been subject
to changes and/or expansion in the reactor set-up. Most often, these were
executed to optimize the synthesis process or to realize proof-of-concept ex-
periments. In this regard, a notable addition during a later stage of the
PhD project has been the home-designed ”sampler”. It enabled the semi-
automatic insertion and extraction of sample filters during synthesis and is
controlled via a tailored LabView program. The respective user interface is
presented in Fig. 2.3.

Furthermore, for the sake of enhanced parameter control of SCVD exper-
iments, a leak-tight stage was constructed capable of inserting and retracting
substrates from the heated CVD zone (see Fig. 2.4a). This was important
for achieving precise growth times with well defined temperature profiles as
shown in Fig. 2.4b. In contrast, performing SCVD experiments without a
stage usually entails significant disadvantages. Since samples must be in-
serted previous to the start of the experiment, they are exposed to a range of
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potential growth temperatures before the designated growth temperature is
reached. This also makes determination of the actual growth time difficult.
Thus, post-analysis of SCVD experiments without retractable stage tends to
be less accurate.

Figure 2.4: a) Scheme of fully retractable stage in CVD reactor. b) Compar-
ison of typical temperature profiles of FCCVD, SCVD with retractable stage
and SCVD without retractable stage.

2.4 Reactor safety

For demonstrating the basic capabilities of the home-build FCCVD reac-
tor, safety trials were performed before advancing to any CVD synthesis
experiments. In the course of this, emergency protocols for distinct types of
incidents were established as well as strategies to verify the absence of oxy-
gen. An inert environment is of high importance since monosilane strongly
reacts with oxygen forming fine dusts of silicondioxide. This could not only
severely influence the intended synthesis conditions but also pose a potential
safety risk.

The latter, however, is assumed to be rather low: Due to designated
synthesis pressures at or below atmospheric pressure a reaction with oxygen
is likely to be contained within the closed FCCVD system. Furthermore, at
elevated temperatures such a conversion is likely to occur at tiny monosilane
concentration thresholds preventing any dangerous build up of larger SiH4-
O2 mixtures.
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Fig. 2.5 shows SiO2 formation that took place during initial SiH4 trials,
before a continuous O2-level monitoring system and an effective pump &
vent protocol was implemented. Both measures were added to a mandatory
preparation protocol that had to be successfully passed before every CVD
attempt. In that way, an inert environment as well as a satisfactory leak
tightness could be ensured.

Figure 2.5: a) and b) show SiO2 formation on a metal surface and loosely as
fine white powder, respectively. The formation took place when monosilane
was inserted while significant amounts of oxygen were still present in the
reactor.



CHAPTER 3

SCVD growth of SiNWs
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Before advancing to FCCVD trials, a proper functionality of the reac-
tor had to be ensured. Thus, standard SCVD growth experiments were
attempted by placing substrates in the centre of the home-built FCCVD re-
actor (see Fig. 3.1) using the retractable stage. For a targeted advance in
(low pressure) SCVD, literature provides countless relevant reports that can
be used as guideposts. Accordingly, Table 3.1 shows a useful list of growth
parameters from different sources as well as a resultant summary of promis-
ing growth conditions. The latter were intended to be adopted for in-house
SCVD experiments.

Figure 3.1: Layout of home-build FCCVD reactor including schematic in-
dications of the SCVD growth site, ”collection site 1” and ”collection site
2”. The latter two are relevant for FCCVD-related experiments discussed in
Chapter 4.
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3.1 Nanoparticle generation on substrate

In SCVD metal nanocatalyst particles must be first transferred on a sub-
strate. This can be done in several ways but the relevant approaches in-
clude colloidal dispersion, colloidal lithography (CL) and thin layer anneal-
ing (TLA).49,74 The latter two were chosen for in-house experiments due to
their simple execution, high yield of nanoparticles (NPs) and to not deviate
extensively from the ”promising” growth conditions defined in Table 3.1.

Figure 3.2: a) Scheme of TLA. Taking advantage of dewetting and Ostwald
ripening, small metal particles can be generated on a substrate. b) Scheme
of CL using a hole-mask. The result are precise and round metal particles. c)
and d) are examples of TLA and CL, respectively. Both show Au nanopar-
ticles produced accordingly on a silicon substrate.

For TLA, gold was first sputtered on a silicon wafer. Usually layers
with nominal thicknesses between 3-5nm were applied. Afterwards, in a so-
called annealing step the metal coated substrate was introduced into the
CVD reactor and exposed to temperatures above the eutectic point of Au-
Si. As the eutectic forms, the liquid layer initially dewets into an array of
smallest liquid particles. In this manner, the eutectic liquid is able to lower
its total free energy in the fastest way possible - by decreasing the total
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surface free energy. Since this particle array naturally features a certain size
distribution, a subsequent consumption of smaller particles by larger ones sets
in. Throughout the annealing step, the number of particles decline while the
average size augments. This physical phenomena is referred to as Ostwald-
ripening (see Fig. 3.2a), a diffusion-limited process driven by the gradual
reduction of total surface free energy. Accordingly, higher temperature and
longer anneal times lead to an enhanced ripening, meaning larger particles
with lower particle density. Thus, for achieving a certain size distribution
and particle density the interplay between metal layer thickness, annealing
time and annealing temperature must be considered.

Fig. 3.2c shows a scanning electron microscopy (SEM) image of as-
produced AuNPs from a 5nm gold layer on a Si-wafer. The annealing con-
ditions were 20min at 650◦C at a pressure of 7mbar in hydrogen. Via the
aforementioned retractable stage the sample was abruptly inserted and ex-
tracted at given times. This resulted in a particle density of 121/µm2 with
an average particle size of 47,2nm ±16,5nm.

In contrast, CL required a few more work steps but resulted in particles
with a smaller standard deviation in diameter. In this, first a poly(methyl
methacrylate) (PMMA) layer was spin coated on a silicon wafer to yield a
250nm thick sacrificial layer. The sample was subsequently exposed to oxygen
plasma for 15s in order to minimize hydrophobicity and, on top, charged with
a poly(diallyldimethylammonium chloride) solution. Then, polystyrene (PS)
microspheres suspended in solution with an average diameter of 100nm were
pipetted on the sample. The PS beads would attach to the electrostatic layer
in a randomly distributed fashion. Afterwards, a 20nm thick Au layer was
applied and PS beads were removed. This created a metal hole-mask on top
of the PMMA layer, that is resistant to oxygen plasma. Thus, it can be
used for selective etching of uncovered PMMA until the Si wafer surface is
reached. Having done that, a Au layer of 10 nm was sputtered once again
on the substrate whereby this time gold was also deposited on exposed Si
surfaces. In the final step a lift-off in acetone was performed leaving behind
a clean Si wafer with defined Au-particles (see Fig. 3.2b).

An example of this is presented in Fig. 3.2d where in this way Au-NPs
with a density of 2,6/µm2 and an average particle size of 189,1nm ±7,5nm
could be produced.
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3.2 SiNW growth

Building on TLA and CL as described in Section 3.1 SCVD experiments were
carried out. As a result, a wide range of successful SCVD growth conditions
could be identified. Nonetheless, low pressure growth parameters that worked
particularly well completely coincided with the ”promising” parameter ranges
defined in Table 3.1.

Fig. 3.3 shows selected examples at synthesis conditions specified in Table
3.2. As expected, a higher SiH4 content increased non-catalyzed side reac-
tions that, amongst other, led to strongly tapered SiNWs (see Fig. 3.3b).
Furthermore, it could be demonstrated that growth of SiNW arrays was fea-
sible using either TLA (Fig. 3.3a) or CL (Fig. 3.3b) for NP generation.

Table 3.2: Selected SCVD growth conditions.

Catalyst
Hydrogen
(vol.%)

Nitrogen
(vol.%)

Silane
(vol.%)

Pressure
(mbar)

Temp.
(◦C)

Residence
time (min)

Fig. 3.3a TLA 97 0 3 9 650 15
Fig. 3.3b CL 95 0 5 9 650 15
Fig. 3.4 TLA 0 99,3 0,7 980 600 7

Figure 3.3: a) A thin layer annealed Si-wafer was exposed to 3vol.% SiH4 at
650◦C and 9mbar resulting in the growth of VLS-mediated SiNW forests. b)
AuNPs generated via CL were exposed to 5vol.% SiH4 at 650◦C and 9mbar.
As a consequence, forests of tapered SiNWs were synthesized.
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Therefore, obtained results from low pressure synthesis could be inter-
preted as an affirmation of the functionality of the reactor. Since growth
conditions coincided with parameters extracted from literature, it could be
assumed that the home-build system is capable of fulfilling the same high
performance standards as commercially available systems often used in pub-
lications.47,49

After achieving a reproducible low pressure growth process, the synthe-
sis pressure was gradually moved towards 1 atmosphere. Unfortunately, for
a quick transition almost no relevant articles could be found in literature.
The only work worth mentioning was published by Kikkawa et al. who ex-
perimented on SiNW growth at 980mbar in argon using 1vol.% SiH4 (see
Table 3.1). The main reason for the lack of references at ambient pressures is
that most researchers are interested in ultra clean SiNW growth, which can
be easier accomplished in a low pressure environment. The latter enables
shorter precursor residence times as well as a more dilute reaction environ-
ment - conditions that are generally beneficial for preventing tapering and
non-catalyzed side reactions.

Figure 3.4: a) SEM micrograph of SiNWs grown at 980mbar and 600◦C.
At 0.7vol.% SiH4 parasitic side-reactions close to the substrate surface take
place. b) Picture of Si-wafers that have only been partly exposed to SiNW
growth (yellow areas). Areas that are black have not been exposed to thin
layer annealing.

Ambient pressure SCVD experiments were performed in N2, a cheaper
alternative to Ar. As shown in Fig. 4.1, literature suggests no significant
change in carrier gas interference on SiH4 decomposition when either Ar or
N2 is utilized. Thus, successful growth conditions could be expected to be
relatively similar to the ones reported in the works of Kikkawa et al. Indeed,
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this was the case for the growth conditions presented in Table 3.2 and Fig.
3.4, which only deviated in growth temperature (>100◦C) and a slightly lower
SiH4 ratio (0,7vol.%). Straight and clean SiNWs could be generated although
close to the substrate parasitic self-decomposition of the Si-precursor took
place.

As-synthesized SiNWs were then analyzed with transmission electron mi-
croscopy (TEM) confirming characteristic features of VLS-growth. Nanowires
are crystalline (diamond structure) but may also feature kinks, twins and
non-catalyzed silicon from competing side reactions (see Fig. 3.5). Further-
more, Fig. 3.6 shows a representative SiNW that has a smooth & pure AuNP
on its tip. The nanowire body contains silicon without significant impurities
and a thin native oxide layer (<3nm) surrounds the NW edges as well as the
Au-particle. This is due to the segregation of remnant silicon towards the
gold edges when the catalyst particle exits the heated growth zone.

Figure 3.5: a) TEM micrgraph of a SiNW showing its mono-crystalline na-
ture. The inset indicates a corresponding growth direction of ⟨110⟩. b) A
SiNW with imperfections. Twin boundary, kink and non-catalyzed decom-
position are highlighted with a green, red and yellow circle, respectively.
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Figure 3.6: a) and b) show standard TEM micrographs of a clean SiNW that
has been grown on a substrate at 980mbar. The image presented in c) was
taken with a high-angle annular dark field (HAADF) detector. d), e) and
f) show the respective EDS analysis with silicon-, gold- and oxygen-content
being highlighted, respectively.



CHAPTER 4

FCCVD growth of SiNWs
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FCCVD synthesis conditions had to be explored from scratch since no re-
ports on FCCVD-grown SiNWs existed before. Thus, key parameters such as
catalyst particle concentration, catalyst particle size distribution, pressure,
temperature, gas mix ratio and residence time (to mention the most rele-
vant ones) had to be controlled and systematically combined for achieving
VLS growth. Nonetheless, growth conditions reported in related FCCVD-
processes (e.g. CNTs) as well as monosilane studies (see Fig. 4.1) were
helpful guides for the initial growth attempts. For instance, a good esti-
mation on required catalyst particle concentrations could be obtained, and
favourable SiH4 molar fractions (for minimizing side reactions) deduced.

Figure 4.1: SiH4-vol.% is plotted against the inverse of temperature. Data
sets show the onset of non-catalyzed SiH4 decomposition in different envi-
ronments (N2, H2, Ar and He). Graph was adapted from Slootman et al.57

It is important to note that parameter-space was not completely free
to explore as boundaries were set by safety and/or equipment restrictions.
For instance, one of the more influential safety boundaries was the fact that
carrier gas passing through the JH evaporation unit was required to be an
inert gas such as N2. This measure was put in place to decrease risk during
a potential leakage event of the hot NP generator. Another example is that
at reasonable residence times (>1s) the SiH4 molar concentrations could not
be set higher than 5vol.%. This was due to the gas flow limit of the available
SiH4-MFC.



4 – FCCVD growth of SiNWs 52

4.1 Aerosol generation

Previous to the first FCCVD growth attempts, it was necessary to test various
conditions of the JH evaporation unit in order to verify that AuNPs reached
the furnace. Thus, for particle collection a clean silicon wafer or TEM grid
was placed inside the nanowire growth reactor past the hot zone at ”collection
site 2” (see Fig. 3.1).

One of the conditions that led to a successful deposition is shown in
Fig. 4.2. In this, 2slm N2 was inserted as carrier gas at a total pressure of
900mbar. Meanwhile, the Au melt temperature was approximately 1500◦C
and the furnace was set to 600◦C. The collected structures turned out to
be mainly agglomerations of compacted Au-nanoparticles with sizes between
5-40nm.

Figure 4.2: a) SEM micrograph of Au-agglomerates generated at a tempera-
ture of approx. 1500◦C and 900mbar. Material was collected after travelling
through a heated zone (600◦C). b) TEM close-up of a Au-agglomerate. Sin-
gle particle diameter range from 5 to 40nm.

For analyzing particle concentrations and respective size distributions a
differential mobility analyzer (DMA) was installed downstream of the JH
evaporation unit with no furnace in between.a This facilitated a reliable
monitoring of as-produced AuNP aerosols. An example is shown in Fig 4.3
which has been obtained using 2slm N2 as carrier gas and an evaporation
temperature of approx. 1500◦C. As a consequence, a stable concentration of
(7±1)x107/cm3 over the course of at least 60min could be generated. The
yellow and green graph represent size distributions that have been recorded

aThe DMA is capable of evaluating in-situ particle concentrations with size-resolved
distributions according to particle mobility.
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with 1h in difference (yellow was recorded before green) during constant
Au-nanoparticle generation. It can be observed that the respective mobility
distribution remains relatively stable with the exception of deviations in the
small diameter range and the peak region (<10nm). This is likely due to small
changes in temperature and flux dynamics throughout the JH evaporation
process. Such small deviations, however, have only a minor impact on total
evaporated mass per volume (g/cm3) since particle sizes follow a lognormal
distribution (typical in JH). To that respect both curves only differ within
3.2%.

Considering that CNT fiber synthesis via FCCVD use effective catalyst
particle number concentrations in the order of 107-109/cm3, it could be con-
cluded that AuNP generation via JH is likely to be suitable for potential
SiNW growth experiments by FCCVD.

Figure 4.3: Mobility diameter is plotted against concentration (in
dN/dlog(Dp)-scale) showing two size distributions of produced AuNPs. The
yellow curve has been generated 1h before the green curve during con-
stant Au evaporation. According to the DMA, total mass produced was
5.02x104µg/m3 (yellow curve) and 4.85x104µg/m3 (green curve) at given
times.



4 – FCCVD growth of SiNWs 54

4.2 Growth

After achieving a reproducible AuNP introduction to the reactor hot zone,
FCCVD experiments were intended. Fig. 4.4 illustrates a summarized suc-
cession of FCCVD-grown SiNWs as synthesis parameters were identified and
optimized.

Initially, experiments were only performed in N2-SiH4 mixtures. These
mostly resulted in thin powders of dark brown colour that consisted of non-
catalyzed silicon. Only in cases where the monosilane ratio was kept be-
low 0.1vol.% growth of very short SiNWs could be achieved. However, as-
produced nanowires could not be quantified due to minuscule throughput.
A representative micro-structure of nanowire containing powders is shown
in Fig. 4.4a & b. It can be observed that SiNWs with lengths of up to
700nm are mostly embedded in a matrix of non-catalyzed silicon. Evidently,
a VLS-dominant growth route seems to be competing with side reactions
that severely contaminate the nanowires. Furthermore, not every detected
Au nanoparticle seemed to have catalyzed VLS growth. Besides, the gold
particles tended to feature relatively large size distributions with diameters
ranging from 10-300nm. A reason for that could be a generally small avail-
ability of Si-precursor extending the agglomeration process of Au-particles.

After the addition of hydrogen to the N2-SiH4 gas mix ratio, substan-
tial progress in SiNW generation could be made. By inserting a H2-ratio of
<20vol.% the SiH4 concentration could be increased to >0.1vol.% without
causing overly dominant Si-particle growth. For instance, nanowires with
lengths of up to 5 microns (see Fig. 4.4c & d) could be synthesized, and
all of the detected Au nanoparticles were involved in VLS catalysis. How-
ever, SiNW contamination from parasitic side reactions remained a challenge.
Regarding the macroscopic properties, it was noticed that the material ap-
pearance changed from dark brown to light brown. Furthermore, the texture
became a ”sticky” powder able to form larger particulates. As a result, quan-
tification and a systematic analysis of produced SiNWs became feasible.

Finally, as the aforementioned growth parameters were further optimized
(e.g. >0.7vol.% SiH4, >20vol.% H2), clean and long silicon nanowires with
high aspect ratios (>100) could be synthesized (see Fig. 4.4e & f). With
respect to the material properties, colour shifted towards dark & light yellow.
Moreover, as the fraction & aspect ratio of nanowires increased, the material
formed freestanding fabrics (see inset in Fig. 4.4e).
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Figure 4.4: a) and b) show micrographs of initial FCCVD growth attempts in
SiH4-N2 gas mixtures. A combination of Au catalyst nanoparticles, SiNWs
and non-catalyzed silicon can be observed. c) and d) show relatively short
and contaminated FCCVD-grown SiNWs where each AuNP resulted in VLS-
catalyzed growth. This was eventually achieved due to the addition of hy-
drogen. e) and f) show long and clean SiNWs. Their synthesis was possible
after systematic optimization of growth parameters at a later stage of the
doctoral project. Inset in e) (adapted from Article I) shows a freestanding
SiNW sample next to a 1EUR coin.
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After carrying out the reaction in a H2-rich atmosphere, reproducible
conditions for growth of free-standing samples consisting almost entirely of
SiNWs could be established. A description of the respective synthesis process
and characterization of the material was published in Article I and is also
discussed further below. Besides, some of the obtained results were used to
support a patent application.

Figure 4.5: a) SEM micrograph of a freestanding SiNW fabric. b) TEM mi-
crograph of a 27nm diameter SiNW with a crystallographic growth direction
of ⟨110⟩. c) The average diameter of 20.0±5.6nm was determined by evaluat-
ing >50 SiNWs. d) The average aspect ratio of 214.3±66.2 was determined
by evaluating diameter and length of 13 randomly chosen SiNWs. Figures &
diagrams were adapted from Article I.

Regarding the collective microscopic properties of such clean and high
aspect SiNW samples, an extensive TEM and SEM analysis was performed.
It could be determined that respective nanowires are highly crystalline and
mostly grew in the ⟨110⟩ direction. Fig. 4.5a & b show representative exam-
ples of these findings. The diameter distribution of the SiNWs was centered
at 20±5.5nm (see Fig. 4.5c), which is in the range known to produce growth
in the ⟨110⟩ crystallographic direction.35 For instance, it is reported that
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Au-catalyzed SiNWs in SCVD mostly grow in the ⟨110⟩ direction for di-
ameters below 20nm. At larger diameters ⟨111⟩ and ⟨112⟩ start to become
more predominant. This could not be completely confirmed by the floating
catalyst experiments. FCCVD-grown SiNWs with diameters up to 28nm
feature almost always a ⟨110⟩ growth direction although ⟨111⟩ has also been
observed. Thus, it can be speculated that the absence of a substrate shifts
the prevalence of ⟨110⟩ towards larger diameters.

Figure 4.6: a) Aspect ratio of a representative SiNW sample plotted vs.
diameter. The distribution does not follow a specific trend. b) When SiNW
length is plotted against diameter, length increases with larger diameters
since respective aspect ratios stay more or less the same. Diagrams were
adapted from Article I.

Next, SiNW aspect ratios of clean FCCVD samples were inspected.b Fig.
4.5d shows the aspect ratio distribution for a typical SiNW sample from
which a value of 214.3 ± 63.8 could be determined. Interestingly, when the
relationship between diameter and aspect ratio was examined, no clear trend
could be identified (see Fig. 4.6a). A logical consequence is that a larger
diameter generally leads to longer nanowires. Nonetheless, the data in Fig.
4.6b suggest a weak dependence of length and diameter.

However, the most astonishing finding during basic FCCVD experiments
revolved around the growth rate. It turned out to be much larger than in
comparable SCVD experiments: While low pressure gold-catalysed substrate

bSiNW samples of interest were directly transferred on adhesive tape without any
further manipulation and analyzed with SEM. In this, only completely exposed nanowires
were considered minimizing the risk of accidentally evaluating fragmented structures.
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Figure 4.7: Growth rate comparison of low pressure SCVD,26,49,75–78 ambient
pressure SCVD (Kikkawa et al.73) and FCCVD of SiNWs. Diagram was
adapted from Article I.

growth is usually below 15nm/s, in-house FCCVD growth reached up to
1500nm/s (see Fig. 4.7). The latter is a low estimate based on the average
residence time of catalyst particles in the reactor hot zone.

The accelerated growth rate can likely be attributed to two main factors:
First of all, performing synthesis at higher pressures unlocks higher precursor
partial pressures. As a consequence, it is assumed that the growth process is
shifted from a diffusion limited to a precursor incorporation limited process
enhancing the involved kinetics. Such an effect has also been shown for SCVD
in the work of Kikkawa et al. who realized growth at ambient pressures
and accomplished growth rates of up to 170nm/s - a clear outlier regarding
SCVD growth studies. Nonetheless, FCCVD still seems to be significantly
faster than that. Thus, it is likely that also the high degree of freedom of the
unbound catalyst particle plays a decisive role. It can be speculated that the
latter prevents the build-up of a reaction depletion zone (common in SCVD)
further enhancing the effective precursor partial pressure.79

As a result of the extraordinary growth rate, large SiNW samples could
be produced within reasonable time frames. For example, Fig. 4.8a shows
a SiNW disk with a diameter of 12cm. Even at such big dimensions, the
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nanowire structures maintain a fully free-standing character paired with an
outstanding flexibility. This is an important achievement as it not only un-
locks new material properties but also simple processing routes for potential
device integration (see Section 4.3 & 4.5, respectively).

Figure 4.8: a) The outstanding flexibility of a freestanding SiNW disc (12cm
in diameter) is demonstrated. b) Meter-scale filter-tape used for collection
of SiNWs. Figure b) was adapted from Article I.

Furthermore, in order to demonstrate the feasibility of a roll-to-roll collec-
tion process, a 85cm long filter was installed to continuously collect SiNWs.
In this, the filter was successively moved while the collection site remained
at the same position, to be more specific at ”collection site 2” (see Fig. 3.1).
Fig. 4.8b shows the resulting ”SiNW-tape” which was produced during one
synthesis session. The nanowires can be removed from the filter at a subse-
quent stage.

4.3 Mechanical properties

Knowing the diameter distribution, aspect ratio distribution and total mass
of collected SiNWs per unit time, the gas phase number concentration of
nanowires during synthesis can be reconstructed. Accordingly, obtained val-
ues were typically in the order of 2x107/cm3. Such large concentrations paired
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Figure 4.9: a) When SiNWs with high aspect ratio (>>100) are produced at
high concentrations, they entangle and form floating ”coral-like” macroscopic
objects. These can be harvested via spinning which is simply performed by
introducing a continuously turning rod as shown in a) & b).

with high aspect ratios enable collisions between nanowires in the gas phase
that, in turn, lead to significant agglomeration. This is illustrated in Fig. 4.9a
where conditions with especially high number concentrations (>2x107/cm3)
were chosen. As a result, floating ”coral-like” structures could be observed.
Such concentrations enabled the first demonstration of the spinning of a
SiNW web directly from the gas phase, as shown in Fig. 4.9.

Understanding such aerogelation processes is of high interest as it could
potentially lead to other novel materials such as robust SiNW yarns. In an at-
tempt to quantify this phenomenon particle network theory is of use. Accord-
ingly, continuous network formation occurs above a critical nanostructure-
volume per unit volume. This is called critical volume concentration νp and
can be defined through the aspect ratio s of the constituent nanostructures:

νp ≈ 0.5/s (4.1)
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Hence, a figure of merit, called aerogelation parameter, can be established
by using the product of both variables

νps = 0.25πΦnL2 (4.2)

where Φ is the nanowire diameter, n the number concentration and L the
length. This relation clearly points out the relevance of length and nanostruc-
ture concentration for a targeted production of self-assembled 1D networks.

Table 4.1: Major production parameters for FCCVD-grown 1D nanomateri-
als in distinct formats.

Nanomaterial
type

Particle number
concentration (#/cm−3)

Average
aspect ratio

Aerogelation
parameter

Throughput
(g/day)

Ensemble
format

SiNW (this work) 1.5 x 107 214 4.3 x 10−6 0.2 Sheets
CNT22 1.1 x 109 33000 2.5 x 10−2 2.33 Fibres
CNT80 5 x 105 4000 6.3 x 10−9 ≈4.8 x 10−6 Thin film
GaAsNW21 1 x 106 20 4 x 10−8 ≈0.024 Thin film
BNNT23,81 ≈7.8 x 108 31 1.6 x 10−7 ≈0.48 Powder
BNNT82 4.2 x 1010 5000 5.3 x 10−2 840 Fibres

It is insightful to compare νps with related FCCVD processes as shown
in Table 4.1. In this work aerogelation parameters in the order of 10−5-10−6

could be achieved resulting in 1D sheets. However, growth conditions at
significantly higher or lower aerogelation values, seem to drastically change
the final format. For instance, CNT- and BNNT-synthesis that feature a νps
of >1x10−2 lead to the generation of aligned fibres. In contrast, reported
growth conditions for GaAsNWs yield an aerogelation of <1x10−7 that only
allows for thin film formats on substrates. These different outcomes can most
likely be attributed to their differences in aspect ratio and particle number
concentration that mainly distinguish the respective growth processes apart
from morphology (such as NTs or NWs). For example, due to their desig-
nated use in optoelectronic devices, growth of GaAsNWs is performed in a
highly dilute environment enabling the production of transparent films with
tuneable optical absorption. The developed growth process for SiNWs, how-
ever, purposely aims to maximize aspect ratio and number concentration for
a direct production of mechanically robust ensembles as a first demonstration
for nanowire macrostructures via FCCVD.

Indeed, this strategy turned out to be fruitful. Apart from the structures
shown in Fig. 4.8, an overhand knot (radius of curvature <1mm; see Fig.
4.10c) and thin freestanding fabrics with less than 3µm in thickness could be
achieved. Furthermore, fracture surfaces of ragged SiNW-macrostructures
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Figure 4.10: a) and b) show bundling and demonstrate high flexibility of
crystalline silicon nanowires. c) Overhand-knot of a SiNW fabric. The radius
of curvature is less than 1mm. d) Fracture surface of a SiNW fabric that has
been torn apart. SiNW slippage can be clearly identified and resembles e.g.
that of cotton. e) Specific stress is plotted vs. strain. Specific units are used
since cross-sections of porous samples entail large uncertainties. Figures were
adapted from Article I.
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featured typical characteristics of a fabric (see Fig. 4.10d) as found e.g. in
cotton.

This behaviour also underlined the underlying network structure of the
constituent building blocks being interlinked through entanglement and ex-
tended contact zones. The latter was especially observed in nanowires with
diameters bellow 30nm. These turned out to be very flexible despite a high
stiffness of crystalline Si. Thus, SiNWs were able to increase the number of
NW-NW contact sites through pronounced bundling (see Fig. 4.10a & b)
enabling enhanced stress transfer of shear forces.

For instance, SiNW fabrics with an average diameter of 20±5.6 and an av-
erage length of 4.2±2.3µm were tested with respect to their tensile properties
(see Fig. 4.10d). As a result, a strain-to-break of approximately 3% could
be deduced. Furthermore, through integration of the obtained curves, an
average fracture energy (density-normalized) of 0.18±0.1J/g was obtained.
This is a useful metric of processability as it indicates fracture resistance,
thus, required absorbed energy for complete material fracture.

With 0.18±0.1J/g the silicon nanowire fabrics are comparable to CNT
buckypapers83 and sheets of BNNT84 with fracture energies between 0.1-
1J/g. Besides, SiNW fabrics turned out to be much superior than crystalline
bulk Si that only features a strain-to-break of below 0.1%. A similar rela-
tionship is found with respect to the fracture energy where the SiNW fabric
outperforms bulk silicon (0.014J/g) by more than an order of magnitude.
When comparing the density ratio ρ (sample density/theoretical bulk den-
sity) with that of the aforementioned CNT buckypapers and BNNT sheets
it is striking that they all fall within a close range of 0.06-0.3. The relatively
dense values are a direct consequence of the moderate packing abilities of
the constituent 1D building blocks despite their random alignment on the
horizontal plane of the 2D materials. In contrast, the density ratio of foams
and CNT fibres lay outside of the previously mentioned range. While foams
are found to be at ρ<0.06 only reaching fracture energies of below 0.03J/g,
aligned CNT fibres were reported to yield ρ-values of around 0.4-0.5 with
respective fracture energies of 10-100J/g. Thus, for the synthesis of aligned
SiNW fibers it is likely that aspect ratio, length and packing density must
be increased first.

Here it shall be mentioned that no comparison with other macroscopic
nanowire networks could be made, since, to the best of knowledge, none exist
in literature. Consequently, by publishing the first-ever results on mechan-
ical properties of SiNW fabrics an important contribution to macroscopic
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nanowire networks could be made.

4.4 Synthesis control

This section is mainly about Article II which aimed to analyze the effect of
reaction conditions on selectivity and conversion, and the trade-off between
them. Therefore, as a first in-depth study a varying SiH4:H2:N2-ratio was
evaluated. In this, experiments were conducted within the following bound-
aries:

• SiH4: 0-3vol.%

• H2: 28-72vol.%

• N2: 28-72vol.%

• Total gas flow: 4-8slm

• Residence time: 5-13s

• Growth temperature: 650◦C

• Pressure: 900mbar

• Average catalyst particle diameter: 22.3±8.5nm

Since the experimental setup did not allow a decoupling of residence time,
total gas flux and gas mix ratio were also subject to variations as denoted
above. Other than that, variables such as growth temperature, pressure and
catalyst particle diameter could be maintained constant.

Fig. 4.11 shows two examples of SiNW samples produced at distinct
gas mix ratios. While clean SiNWs with an average diameter of 21±7.5nm
could be obtained at a SiH4:H2:N2 ratio of 2.2:62.2:35.6, highly polluted
nanowires with an average diameter of 44±15.1nm were generated at a ratio
of 2.7:54:43.3. It is evident that the higher monosilane and lower hydro-
gen ratio caused the stark increase in Si-contamination. Besides, the latter
dramatically affects nanowire diameter since catalyst particles did not sig-
nificantly change in size (24.4±6.8nm). The impurities consist of Si soot
particles that can form a coating on the NWs. Interestingly, during all ex-
periments, even beyond this particular study, impurities were consistently
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found to be amorphous silicon (a-Si) when growth temperature was kept be-
low 720◦C. This could also be confirmed for the heavily contaminated sample
as shown in Fig. 4.11f & g.

Figure 4.11: Two representative SiNW samples are shown: In a)-d) the
SiH4:H2:N2 ratio was 2.2:62.2:35.6 and in e)-h) the ratio was 2.7:54:43.3. a)
and e) are representative SEM micrographs demonstrating clear differences
in impurities and apparent nanowire diameter. Furthermore, the insets show
that the contaminated sample appears dark brown instead of yellow. b) &
c) further illustrate the monocrystalline nature of contamination-free SiNWs
through TEM, energy-dispersive X-ray spectroscopy (EDS) and selected area
electron diffraction (SAED). In contrast, the same analysis as shown in f)
& g) demonstrates that contaminated SiNWs feature a crystalline core with
a-Si surrounding it. d) & h) are the corresponding Raman spectra with
deconvoluted peaks added. Figures were adapted from Article II.

Consequently, an important conclusion could be made: Samples produced
at 650◦C enable an unambiguous structural distinction between VLS-grown
SiNWs and non-catalyzed solidified silicon. To be more specific, inherent to
the VLS growth mechanism SiNWs consist of crystalline silicon (c-Si), and
silicon soot stem from competing non-catalyzed solidification routes consist
of amorphous silicon (a-Si). Evidently, the two types of reaction products
can be discriminated by analytical methods, thus enabling a direct study of
the effect of reaction parameters on selectivity.

Nanowire ensembles were therefore analyzed with Raman spectroscopy



4 – FCCVD growth of SiNWs 66

(see Annex 1), which, compared to other methods (e.g. SEM, TEM), proved
to be the most convenient. For instance, it does not require sophisticated
preparation of the SiNW samples, is barely time-consuming (compared to
SEM or TEM), has a relatively large probe size (≈ 3µm) and, on top, is
non-invasive.

In mixtures of a-Si and c-Si, relevant Raman peaks are the 1st order TO
phonon attributed to a-Si, Ia−Si, and the 1st order TO phonon attributed
to c-Si, Ic−Si. As discussed in detail in Annex 2, a weighting factor α (in
this case α=0.58) can be derived from X-ray diffraction measurements to
correctly account for the volumetric Raman signal ratio between c-Si and
a-Si. Thus, by applying

C = 100 · ( Ic−Si

α · Ia−Si + Ic−Si

) (4.3)

a reliable and reproducible value on c-Si volume ratio can be obtained. How-
ever, since the volume density of c-Si and a-Si differs by less than 2%, C-
values can be equated to the c-Si mass fraction of the sample. More impor-
tantly, since c-Si mass fraction entirely stems from VLS growth, C represents
the SiNW fraction and, thus, the selectivity of the respective growth condi-
tions with regard to VLS growth.

A proof of concept is given in Fig. 4.12 where the ratio of monosilane and
hydrogen was successively increased and decreased, respectively. As a result,
sample colour shifted from yellow to dark brown and a decline in C could
be observed. The latter was double-checked on its validity via SEM analysis
confirming the working principle, although at C>93% a-Si impurities cease
to be detectable in SEM.

While C yields information on the selectivity of SiNW samples the respec-
tive precursor conversion characterizes the efficiency of the transformation
processes. It is calculated as the ratio of collected material over the mass
of SiH4 introduced without considering potential Si-losses by vacuum pumps
and/or walls. Thus, through the combined study of these two descriptors,
insightful relationships could be identified.

This is shown in Fig. 4.13a & b where C and precursor conversion are
each plotted against SiH4 and H2 molar fraction. In this, a higher SiH4 ratio
as well as a lower hydrogen ratio were further confirmed to be detrimental to
achieving high SiNW mass fractions. On the quantitative side, a declining C
has been found to lead to higher precursor conversions. This suggests that
with less H2 and more SiH4 the kinetically favoured solidification pathways
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Figure 4.12: C vs H2 molar fraction vs SiH4 molar fraction. Various gas mix
ratios were tested indicating a shift of sample colour and decline of C as SiH4

is increased and H2 is decreased. Diagram was adapted from Article II.

start to include non-catalyzed growth routes apart from VLS-growth.
Furthermore, gas mix ratios leading to C-values of >93% (no visual im-

purities) have been identified. However, corresponding precursor conversions
that exceeded 0.1% could only be reached with the introduction of large H2

molar fractions (>60%). Respective peak values translated into throughput
rates of approximately 1.5x10−2g/h. In comparison, SCVD-grown SiNWs
with similar diameters are only synthesized at rates of 1x10−6g/h and mi-
nuscule precursor conversion efficiencies of <0.0001%26 - in each case a factor
of more than 1000 lower.

Next, a fundamental relationship between SiNW mass fraction C and
conversion is obtained when both descriptors are plotted against each other
(see Fig. 4.13c). The data strongly suggests that there exists a boundary
following an exponential decay curve. This implies a fixed maximum conver-
sion for every degree of C, regardless of the gas mix ratio. For instance, at
C = 95% the conversion limit is predicted to be at approx. 0.1%.
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Figure 4.13: a) and b) show SiNW mass fraction C and precursor conversion
plotted against gas mix ratio, respectively. Data points with same colours
depict individual experimental sets. For example, constant molar ratio of
SiH4 and H2 (red) or constant total gas flow (yellow). c) C plotted against
precursor conversion. d) Conversion plotted against the ratio of SiH4 and
H2 molar fraction. Rectangles mark the respective C-ranges. Diagrams were
adapted from Article II.
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In Fig. 4.13d the important role of hydrogen for obtaining contamination-
free SiNWs is visualized by plotting conversion against the ratio of SiH4

molar fraction to H2 molar fraction. Naturally the questions arises why
hydrogen has such a big influence on selectivity. It can be speculated that the
latter is impacted by a hydrogenation effect (passivation of reactive surfaces),
slowing down a-Si particle growth and tapering. Considering, however, that
throughout all experiments the SiH4/H2 ratios are tiny (<0.07), Si-surfaces
should be in all cases saturated with H2 . Thus, at best only a minor impact
can be attributed to the hydrogenation level.

A more plausible explanation is the influence of H2 on the kinetics of the
first few reversible decomposition steps of monosilane:

SiH4(g) −−⇀↽−− SiH2(g) + H2 (g)
SixHy−−−⇀↽−−−
H2

... (4.4)

According to Le Chatelier’s principle, more hydrogen would decrease the
reaction rate of the polymerization reactions of silanes. Considering that
later derivates are more likely to end up in non-catalyzed reaction pathways
and earlier derivates are more susceptible to a VLS route, hydrogen is likely to
suppress the former by extending the decomposition of SiH4 as schematically
indicated in Eq. 4.5. c

cExperimental data were also analysed with a kinetic model produced by a postdoctoral
researcher from the group, as detailed in Article II.
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Figure 4.14: a) and b) show SiNW number concentration and average NW
length plotted against gas mix ratio, respectively. Data points with same
colours depict different experimental sets. Diagrams were adapted from Ar-
ticle II.

Since it was also found that the number concentration of produced SiNWs
was virtually constant throughout all experiments (see Fig. 4.14a), it could
be further concluded that the catalyst activity did not seem to be significantly
affected by H2. In fact, catalyst activity is assumed to be close to 100%, as
non-active AuNPs could not be observed in any sample, and average NW
number concentration was relatively narrow ((9±3)x106/cm3) throughout
the whole study. Apart from this, average SiNW length did not change
decisively through exclusive changes in hydrogen molar fraction as shown in
Fig. 4.14b (e.g. yellow curve). Thus, it can be summarized that in addition
to SiNW growth less hydrogen simply leads to more a-Si.

On the other hand, according to the data presented in Fig. 4.14b a
change in SiH4 molar fraction seems to affect average NW length (e.g. green
curve) although the trend is not very pronounced. By raising the SiH4 molar
fraction, longer NWs are observed, which could be simply due to the increase
of the impingement rate of suitable SiH4 derivates on AuNPs.

Generally, it is speculated that rapid SiNW growth (>>15nm/s) only
occurs as long as SiH4 partial pressures of early derivates exceed a minimum
concentration to shift the VLS reaction kinetics away from a diffusion-limited
process. This is, of course, favoured by adding hydrogen to the gas mix ratio
explaining why hydrogen-free experiments had little to no success as reported
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in Section 4.2.
With respect to finding conversions that promise large throughput rates

of clean SiNWs, the boundary shown in Fig. 4.13c is revealing. As men-
tioned before, it does not seem that any specific gas mix ratio will lead to a
substantial breach of this limit. However, other parameters that have been
maintained constant throughout the study might do so. For instance, an
optimization of temperature (which has the strongest influence on kinetics)
and an increase of catalyst particle concentration (due to ≈100% activity)
should enable a shift of the boundary towards larger conversions.

This assumption is also supported by the comparison of achieved precur-
sor conversion rates of highly selective growth conditions with that of related
processes such as FCCVD of CNT fibres. The latter have been reported to
reach over 4% while in-house experiments for pure SiNWs (C > 93%) led
to conversion rates of only 0.01-0.15%.85 It is therefore unlikely that the
achieved rates mark the limit, as much higher conversion efficiencies have
been proven for FCCVD in general.

While parameter optimization entails a high probability to be fruitful, it
could also be that another factor is crucial for achieving higher conversion
rates - the minimization of wall losses. For instance, CNT fibre synthesis is
performed at very high temperatures (>1200◦C) which simultaneously lead
to a strong thermophoretic barrier between precursor gas and hot reactor
walls. As a result, wall losses are reduced significantly in the growth zone.
In contrast, FCCVD experiments for SiNW growth at 650◦C indicate no
such effect since a severe deposition in the hot zone was usually observed.
Although an exact post-analysis of the reaction tube is difficult to perform
(deposited material cannot be fully recovered, tube aging & varying layer
morphology alter wall loss rate, etc.), it is crudely estimated that >20%
of initially inserted precursor are lost to the reactor walls in the growth
zone. Evidently, this significantly reduces the effective precursor availability
in gas-phase reactions (e.g. VLS mechanism), thus, directly decreasing the
respective precursor conversion. Therefore, by implementing strategies that
minimize the contact of reaction gasses and reaction walls, a potential in-
crease in conversion at equal SiNW mass fraction can be expected.
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4.5 Lithium-ion batteries

Thanks to its outstanding performance and qualities, the lithium ion battery
has played a key role in the prevalence of portable electronics and electric
vehicles. Nonetheless, LIBs still have a lot of room for improvement with
respect to manufacture, energy density, capacity, battery cycle life and rate
capability (to mention the most relevant). Thus, numerous strategies are
currently subject to intense research.

One of the most promising approaches is the replacement of graphite
with silicon as the active anode material (see Annex 3 for explanation of
LIBs). First of all, silicon features decent low potentials for lithium ion in-
sertion/extraction (0.01V/0.4V), ensuring high battery voltages when paired
with conventional cathodes. But more importantly, compared to graphite
(372 mAh/g; 804 Ah/l), elemental silicon features an approximately ten-
times larger gravimetric and volumetric Li storage capacity (3579 mAh/g;
8334 Ah/l). This is because lithium alloys with silicon and, thus, is able to
reach Li:Si ratios close to 4:1 (Li15Si4; at RT).

86

Although great for capacity, the alloying mechanism also means much
higher volume changes during Li insertion and extraction (≈300%).87 Such
repeated expansion can cause pulverisation & continuous Li consumption
through growth of the solid electrolyte interface (SEI) - the main processes
that reduce electrode cyclability of Si-based anodes. Accordingly, Si bulk
films and large particles show low cyclability. Nanostructures, however, are
more damage-tolerant than monolithic materials. Thus, at a specific size
limit nanostructures become resistant to potential crack propagation. This
is also the case for SiNWs where, according to literature, the fracture limit
during Li insertion/extraction is around 260nm-300nm - even if NWs feature
lengths of hundreds of microns.88,89

FCCVD-grown SiNW fabrics with average diameters of 20-25nm (well
below fracture limit) could be therefore a promising choice for the use in
LIBs. Accordingly, a process to fabricate electrodes based on SiNW fabrics
was developed and an extensive electrochemical characterisation as anode
active material carried out. Respective results were published in Article III
and formed an essential part of a second patent application. In the following
the most important findings are presented.
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Figure 4.15: Major steps of the in-house developed electrode manufacturing
process. First homogeneous & freestanding SiNW fabrics are produced via
FCCVD. In an additional CVD step, SiNWs are coated with conductive
carbon. Lastly, C-coated SiNW fabrics are mechanically attached to a current
collector (usually Cu-foil).

SiNW-based anode manufacture

In order to generate reproducible & uniform electrodes the FCCVD fabrica-
tion process and the subsequent assembly steps had to be either adapted or
newly developed. Nanowire collection was optimized for the direct produc-
tion of free-standing fabrics with homogeneous areal mass density (±5%).
The latter is necessary for a precise calculation of the respective anode prop-
erties and electrode capacity ratio (relevant in full cells) and was achieved
through a precise adjustment of gas flow in the collection chamber. Apart
from that, the freestanding nature of the fabric was of particular importance,
since it substantially simplified any further processing and handling of the
structures.

For an enhancement of the nanostructure conductivity an additional (one-
step) CVD process was introduced, where SiNWs were exposed to acetylene
(5% in Ar) for the production of core-shell SiNW-carbon structures. Through
this process, freestanding fabrics could be simply placed inside the CVD
chamber without specific substrates or clamps enabling a homogeneous re-
action throughout the whole structure. Lastly, since the carbonized SiNW
fabric maintained a decent flexibility, ductility (10%) and specific strength
(around 3MPa/SG) an efficient mechanical transfer onto a current collec-
tor (Cu-foil) could be performed. This consisted in manually positioning
the electrode on the current collector and applying pressure for a couple of
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minutes. The latter was achieved without the need for binders or other sup-
plements, thus, several conventional electrode assembly steps (e.g. slurry
mixing, coating, drying) could be avoided. This clearly highlights the po-
tential advantages of FCCVD for electrode manufacture, where beside the
technological merits a significant cost reduction can be expected from a sim-
plified assembly. Major steps of the developed electrode manufacture process
are schematically illustrated in Fig. 4.15.

Figure 4.16: a) and b) show a 2mm thick homogeneous SiNW fabric before
and after the carbonization process, respectively. c) TEM micrograph of a
core-shell Si-C nanowire. The carbon coating consists of mixtures of graphitic
and amorphous domains. d) SEM micrograph of carbonized SiNWs showing
no features of a carbonaceous filler matrix. Figures were adapted from Ar-
ticle III.

The aforementioned carbon-coating process required an additional CVD-
system which had to be set up and synthesis parameters optimized. While it
was crucial that the carbon layer reached a high degree of conductivity and,
thus, an appropriate thickness, it was also important to maintain carbon
mass fraction low. In this way unnecessary loading of high capacity SiNWs
could be avoided. Suitable synthesis conditions were found at 700◦C, 30min
growth time and 200sccm acetylene leading to Si mass fractions of 72-80%
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and decent out-of-plane conductivities of 0.1-0.6 S/m. Moreover, carbon
shells were found to feature a uniform thickness (3.8 ± 1.3nm; see Fig. 4.16)
while consisting of graphitic and amorphous carbon mixtures. Besides, on
the silicon edges no oxide could be identified anymore, which has likely been
reduced during the formation of the C-shell.

SiNW-based anodes

Figure 4.17: a) Rate performance (1C = 3.579A/g) of a C-coated SiNW
anode with 0.49mg/cm2 mass loading. Obtained values are normalized by
Si mass fraction. b) SiNW mass loading vs. areal capacity showing a linear
specific capacity of 3041mAh/g for C-coated SiNW fabrics. Figures were
adapted from Article III.

SiNW anodes, manufactured according to Fig. 4.15, were tested as LIB
anodes in coin-sized half cells. Fig. 4.17a shows their rate performance
from C/20 to 2C. The resultant specific capacities are highly encourag-
ing, especially since tests were executed at reasonable mass loading (e.g.
0.49mg/cm2). For instance, it was possible to demonstrate a specific capac-
ity of >3000mAh/g at C/20 and >1000mAh/g at 1C.

Furthermore, areal capacity was analyzed for different Si mass loading.
Therefore, more than 80 SiNW anodes with varying areal mass were pro-
duced and tested at a rate capability of C/20 (see Fig. 4.17b). The anode
manufacturing process shows excellent reproducibility (see inset Fig. 4.17b).
By using the data resulting from the 1st reversible capacity, a linear rela-
tionship between areal capacity and Si mass loading (3041mAh/g) could be
obtained. This high capacity was observed for different electrode thicknesses
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with a linear fitting with negligible deviations (R2=0.99). Also, the linear re-
lationship can be attributed to the decent electrical conductivity of C-coated
SiNWs that apparently is sufficient for a mass loading of at least 3.5mg/cm2.

Long cycling test at a rate of C/5 revealed good performance. For in-
stance, specific capacity remained above 2000mAh/g even after 100 cycles,
while coulombic efficiency (after formation cycles) did not drop below 98%
(see Fig. 4.18a). Finally, post mortem analysis of cycled anodes showed
that the 1D structural integrity of the material could be preserved even after
350 cycles (see Fig. 4.18b). Thus, the previously discussed fracture limit
of SiNWs in LIBs was clearly confirmed since FCCVD grown SiNWs with
average diameters of 20-25nm did not seem to have cracked or disintegrated
during cycling.

Figure 4.18: a) Performance of a SiNW-based anodes was tested for 100
cycles at C/5. b) Post mortem analysis of C-coated nanowires after 350
cycles. Figures were adapted from Article III.

To put the obtained data into context with other related materials, Table
4.2 is presented. However, it is difficult to directly compare performance as
favourable qualities highly depend on what is emphasized in a battery (e.g.
power density, capacity, cycle life) as well as conditions of measurement.
Nonetheless the table demonstrates that the home-produced Si anodes are
competitive to other SiNW architectures. This applies with respect to mass
loading, specific current, cycles and specific capacity which are key features
in LIBs.
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Table 4.2: Comparison of Li storage capability of in-house produced core-
shell SiNW/C with SiNW-based electrodes previously reported in literature.
Capacities are normalized by active material mass. Table was adapted from
Article III.

Sample
Si mass loading
(mg/cm2)

Specific current
(A/g)

Cycles, n
Qsp @ n
cycles

Year-Ref

This work
SiNW/C fabric 0.7 0.7 100 2300 Article III
SiNW/C fabric 0.9 1.79 500 970 Article III

Non-slurry based electrodes
am-C coated SiNW n/a 0.15 40 1326 200990

Cu-coated SiNW 0.6 0.2 30 2138 201191

Al-coated SiNW 0.33 0.4 100 1300 201292

Sn-coated SiNW 0.32 0.4 100 1865 201493

Al2O3-coated SiNW n/a 0.25 30 2760 201894

SiNW/SnO2 1.5 0.4 100 1200 201695

TiO2-coated SiNW 0.15 0.4 100 1062 201396

PEDOT-coated SiNW 0.3 0.84 100 2510 201297

SiNP-decorated SiNW 1.5 0.8 30 1600 201198

TiN-coated SiNW 0.16 0.4 100 1566 201399

Si/CuSi 1.6 0.716 100 1644 2021100

Slurry based electrodes
B-doped SiNW 0.3 2 250 2000 2012101

As-doped SiNW 0.3 0.3 15 1176 2019102

SiNW@G@rGO n/a 2.1 100 1600 2013103

SiNW/MWCNTs 1 0.24 100 1695 2018104

Graphene-coated SiNW-SiC 1.5 1.33 500 1650 2013105

Hydrid-terminated SiNW n/a n/a 15 2348 2011106

SiOx-coated SiNW n/a 0.8 560 1503 2015107

SiNW/PDMS 0.8 1.5 350 620 2015108

Beside the promising properties of SiNW-based anodes, the FCCVD syn-
thesis itself entails several advantages for a potential large-scale production
of SiNW anodes. Current available methods that seek to introduce silicon
mostly do this by exploiting Si-particles. This, however, often involves a
heavy use of solvents (e.g. for mixing of slurries) & large mass fractions of
low capacity support matrices (e.g. binders). In contrast, FCCVD leads to
mechanically robust structures in only one synthesis step making slurries and
binders obsolete. Furthermore, fabrics can be generated at arbitrary thick-
ness, thus, covering the full range of industrially relevant areal mass loading.

Nonetheless, FCCVD growth of SiNWs for LIBs currently faces two main
challenges. The first one is process-related and revolves around throughput:
While it is possible to produce more than enough material on a laboratory-
scale (< 1g/h), it remains to be seen if the conversion efficiency can be scaled
up to meet the needs of industrial production lines.
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The other one is related to the use of silicon in general. Regardless of
Si geometry or architecture, the drastic volume changes lead to repeated
fracturing of the SEI during cycling. This in turn results in a severe depletion
of Li as the SEI grows continuously. As a consequence, coulombic efficiencies
of nanostructured Si anodes with significant Si mass fractions (>20%) can not
satisfy high industrial standards yet (at least >1000cycles at an average CE
of >99.99%).109 Nonetheless, this issue is rather attributed to the properties
of the currently established electrolytes than to the nanostructured silicon
itself.

Si-based anodes are relatively new to battery producers which is why
available electrolytes are not yet tailored for the use with silicon. For in-
stance, most standard electrolytes come with additives that are designed to
lead to a smooth & homogeneous SEI formation on graphitic surfaces.110,111

For Si-based anodes, however, additives that would make the SEI much more
flexible are needed. Although considering the extreme volume expansion of
Si (≈300%), this is likely to be a relatively limited solution. In contrast,
solid electrolytes, a relatively new field of research, could be the better an-
swer to improving cyclability of Si nanostructures. If successfully adopted,
the contact area between Si active material and solid electrolyte would be
significantly reduced (contact only between contact layers), mitigating the
negative impact of repeated SEI formation. A first excellent work on this
has been recently published by Tan et al.112 This is likely to be only the
beginning as anodes containing small Si percentages (< 15%) are starting to
reach the market, and large battery manufacturers seek to maximize the Si
ratio in their anodes.

4.6 Alternative catalysts

As shown in the previous sections Au-mediated SCVD of SiNWs could be
successfully transferred to FCCVD leading to very encouraging results. Nat-
urally, the question arose if even more elements from metal-catalyzed SCVD
could be adapted. Thus, copper-catalyzed FCCVD growth of SiNWs was
briefly studied towards the end of this thesis.

Just as AuNPs, Cu-nanoparticles (CuNPs) are known to be able to cat-
alyze VLS growth of SiNWs and an extensive list of respective SCVD reports
exists. Therefore, the same general strategy was applied:

1. Study of relevant binary phase diagram & related SCVD literature
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2. Production of suitable CuNP aerosols in terms of concentration and
size distribution

3. Identification of promising FCCVD growth conditions from knowledge
of atm. pressure growth experiments

4. Execution of systematic FCCVD growth experiments

Once again a proper generation of nanoparticles had to be ensured be-
fore actual FCCVD experiments were performed. Nonetheless, since copper
is an element sharing many similarities with gold, especially regarding the
melting point and vapor pressure, it was unsurprising to see a resemblance
in nanoparticle generation: Fig. 4.19 shows CuNPs that were generated with
the JH evaporation unit and collected at ”collection site 2” (see Fig. 3.1)
after passing the heated CVD furnace at 650◦C. Particles mostly come as
agglomerates in which constituent single particles feature diameters between
5-50nm.

Figure 4.19: a) SEM micrograph of Cu-agglomerates generated at a temper-
ature of approx. 1500◦C and 900mbar. Material was collected after travelling
through a heated zone (650◦C). b) TEM close-up of a Cu-agglomerate. Sin-
gle particle diameters range from 5 to 50nm.

For ensuring VLS-mediated growth, primarily the temperature of the FC-
CVD experiments had to be adapted while working in similar gas mix ratio
conditions as reported for Au-catalyzed growth. Thus, synthesis was per-
formed at temperatures above 802◦C (eutectic point of bulk Cu-Si) at high
H2 molar fractions (>50%). As a result, it was possible to produce copper-
catalyzed SiNWs which in some cases featured clean surfaces exempt from
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Figure 4.20: a) and b) show micrographs of Cu-catalyzed SiNWs at different
magnifications. Respective nanowires were grown above the eutectic point of
silicon and copper (>802◦C). SiNWs could be produced with clean surfaces,
and freestanding as shown in the inset.

non-catalyzed contamination as shown in Fig. 4.20. Furthermore, freestand-
ing SiNW fabrics could also be achieved (see inset).

These results further underlined the transferability of known SCVD el-
ements to FCCVD growth. Thus, it is likely that this should not only ap-
ply to other catalyst materials for the growth of SiNWs but also to other
nanowire materials. And indeed, this could already be confirmed: Building
on this work, in recent months the group achieved growth of silicon-carbide
nanowires (SiCNWs) and metal oxide nanowires (MOxNWs) by FCCVD.



CHAPTER 5

Outlook
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Despite convincing results from synthesis of SiNWs by FCCVD, the pro-
cess is far from being fully optimized. Morphological uniformity & features,
reaction selectivity as well as precursor conversion efficiency are key issues
that need to be further improved. Nonetheless, due to the promising results
of SiNW fabrics in LIBs it is useful to set the focus on improving SiNW-based
anodes and the respective assembly process. Accordingly, for future in-house
experiments each of the aforementioned issues is attributed a distinct prior-
ity.

Reaction selectivity is believed to be the least pressing topic since a suf-
ficient control could already be demonstrated. For instance, by controlling
SiH4/H2 molar ratios it was possible to precisely tune the mass fraction
between SiNWs and a-Si. Since ultra-clean SiNW fabrics featured good me-
chanical properties they were specifically targeted for investigation in LIBs.
However, a path worth exploring would be the cycling of low SiNW mass
fraction samples that still exhibit a satisfying degree of mechanical robust-
ness. This would lead to an increase in effective precursor conversion since
the simultaneous contribution of VLS-mediated and non-catalyzed forma-
tion routes increase the yield as shown in Chapter 4.4. Considering that
during the first charge-discharge sequence crystalline SiNWs are turned into
a-Si nanowires, no direct disadvantage can be expected from the inclusion of
amorphous silicon.

Up to this point, it could be proven that as-produced SiNW fabrics with
diameters below 30nm clearly maintained their structural integrity even after
350 cycles (see Chapter 4.5). The relatively uniform SiNW fabrics with
standard average diameters of 20-25nm & aspect ratios of above 150 could be
identified as favourable for the prevention of structural deterioration during
cycling. Besides, SiNWs with kinks did not seem to have a negative impact
on this. Therefore, obtained nanowire uniformity can be considered more
than adequate for the use in LIBs.

In contrast, further work on the main morphological features is likely to
be a fruitful avenue for improving SiNW-based anodes. As capacity fading
remains pertinent due to the repeated SEI formation (triggered by severe Si
volume changes), an increase of average nanowire diameter up to the reported
fracture size limit (260-300nm) could be of interest. This would significantly
reduce the fabric’s surface area to mass ratio (proportional to amount of SEI)
and, therefore, likely extend cycle life.

To realize this, either heavy tapering or larger catalyst particles would
be necessary. While the former can be achieved through a shift in reaction
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selectivity (see Chapter 4.4), the size increase of catalyst particles would need
to be managed by further adapting evaporation conditions (see Section 2.2).

Having said that, a mere increase in diameter is detrimental to the me-
chanical properties of the fabric. This could make the assembly of SiNW
anodes less practical and even lead to active material loss during cycling.
Thus, while increasing the diameter, focus should also be set on maximizing
nanowire length, which entails several advantages. Not only could it pre-
serve mechanical properties (through creating more contact sites) but also
increase the electrical conductivity of the fabric. Through reduced interpar-
ticle resistance a higher electrical conductivity would result in higher specific
capacities at equal mass loading for high current densities. On top of this,
for the same amount of produced SiNW-mass fewer total catalyst mass is
consumed - a valuable point if expensive catalysts (e.g. gold) are utilized.

A synthesis of longer nanowires is expected to either be achieved by in-
creasing the residence time, temperature optimization or a potential switch
to other precursors. Evidently, longer residence times extend the time where
nanoparticles can catalyse growth. This can be obtained via total gas flow
reduction or a physical extension of the growth zone. Both solutions, how-
ever, also influence the non-catalyzed reactions which turn residence time
variations into an optimization-based issue.

In addition, literature has shown that by using disilane instead of monsi-
lane, an extraordinary increase in growth rate could be achieved.113 Accord-
ing to the authors, this occurs due to the change in reactant decomposition
kinetics, outlining a very interesting strategy for the growth of longer SiNWs.

Next, a key aspect to a more attractive anode production route via FC-
CVD is a high precursor conversion efficiency. Although with current ob-
tained efficiencies (approx. 0.1%) lab-scale demands can be easily exceeded,
a potential integration in larger production lines remains to be proven. Thus,
a strong focus should be put on maximizing precursor conversion efficiency.

Strategies to grow longer SiNWs generally overlap with attempts for im-
proved precursor conversions. Evidently, in a system that features constant
precursor insertion and ≈100% catalyst nanoparticle activity, a larger aspect
ratio is directly related to a better conversion. As a consequence, increasing
residence time in the growth zone, temperature optimization or a potential
switch to other precursors are also promising options to this respect.

Nonetheless, potential approaches that more independently target conver-
sion could be through control of gas flow and the maximization of catalyst
particle concentration. The former would prevent contact between the pre-



5 – Outlook 84

cursor and reactive metal walls and lead to fewer losses of the Si-source.
Accordingly, less precursor would be required for achieving the same partial
pressure and, therefore, the same growth rate. A maximization of catalyst
particle concentration could also be of interest as it would increase the total
impingement rate between SiH4-molecules and catalyst particles. A likely
result is a more efficient conversion of precursor into VLS-mediated growth.

As it becomes obvious in this section, this work has only uncovered a tiny
range of viable and promising SiNW growth conditions. Clearly, FCCVD
synthesis for nanowire growth is at the very beginning of being explored,
as there are a myriad of parameters that still need to be tested, better un-
derstood or even newly introduced. It is therefore highly anticipated that
future FCCVD research will lead to many more process- and device-related
advances that will further increase its relevance in research and even indus-
try.



CHAPTER 6

Conclusion
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This PhD project set out to study the growth of SiNWs by FCCVD and
their gas-phase assembly as macroscopic network materials. Therefore, a
tailored synthesis reactor was designed and its proper functionality verified,
involving, amongst other, the assembly of a metal evaporation unit and suc-
cessful SCVD experiments at low & ambient pressures. It enabled the first
reported demonstration of SiNW growth by FCCVD.

For the latter, a wide range of viable process parameters could be identi-
fied and their effect on reaction selectivity & conversion studied. This relied
on a high-throughput characterisation strategy combining a sample extrac-
tion system, discrimination of reaction products by Raman spectroscopy and
gravimetric measurements. Growth of pure SiNWs was most effective when
the gas mix ratio included a major proportion of hydrogen and a relatively
high SiH4 fraction (>1vol.% at 650C). Through the introduction of a home-
developed screening method, using Raman spectroscopy, it was found that
H2 acts as an exclusive suppressor of non-catalyzed side reactions. To be
more exact, a-Si formation is inhibited by hydrogen through a shift of the
SiH4 decomposition kinetics from larger to smaller derivates reducing poten-
tial nuclei for non-catalyzed solidification routes. Meanwhile, SiNW growth
continues to take place in a seemingly unaffected manner. This suggests that
FCCVD growth is not precursor diffusion-limited.

Furthermore, due to the achievement of extraordinary fast growth rates
(>1000nm/s) SiNWs with large aspect ratios (>180) could be grown. Cor-
respondingly, it could be demonstrated that FCCVD of SiNWs occurs at a
growth rate approximately three orders of magnitude faster when compared
to low pressure SCVD. In this, the main driving force is attributed to the
drastic increase in effective precursor partial pressure. The latter is a conse-
quence of the use of ambient synthesis pressures and the unbound nature of
floating catalyst particles inherent to FCCVD. Regarding mass throughput
and precursor conversion efficiency, FCCVD proved to be superior to com-
parable SCVD growth studies by at least three orders of magnitude.

When such fast growth rates are combined with high catalyst particle
concentrations (>2x107/cm3), SiNWs can readily be collected by filtration
or even in-situ spinning. Thus, various types of large macroscopic structures
could be generated. For example, freestanding SiNW discs with diameters
of >10cm and SiNW tapes of more then 80cm. Meanwhile, mechanical tests
underlined their textile-like properties, similar to those of established 1D
fabrics such as CNT bucky papers.

Growth of SiNWs via FCCVD could not only be demonstrated by the use
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of Au catalyst nanoparticles but also by the use of Cu catalyst nanoparticles.
In both cases strong parallels between reported SCVD- and executed FCCVD
experiments could be found. Thus, it is assumed that a successful transfer of
almost any kind of nanowire proven to grow on substrate via VLS is viable
with the strategy elaborated in this work. Indeed, in recent months the group
has achieved growth of SiCNWs & MOxNWs by FCCVD further confirming
this hypothesis.

The relatively high yield and reproducibility of the synthesis process
enabled the development of a method to fabricate SiNW-based LIB an-
odes. Thus, an extensive electrochemical characterisation could be per-
formed, aiming to study the properties of SiNWs. Amongst others, capacities
of >2000mAh/g were observed even after 100 cycles at C/5 while the 1D in-
tegrity of the SiNW fabrics remained intact. Equally important, though, are
the anode assembly-related advantages that arise using FCCVD. Being a dry
process, continuous semi-finished fabrics can be obtained without purifica-
tion or cleaning steps. On top of that, resultant high-aspect ratio nanowires
give the fabric strong mechanical properties that make the subsequent use
of slurries and binders redundant. Accordingly, mixing, grinding, or use of
solvents as in conventional production lines can be completely skipped un-
locking a more efficient anode assembly process.

Due to the convincing results on LIB integration and NW properties, the
elaborated know-how on FCCVD now forms a major part (via two patents)
of Floatech, S.L., a company seeking to commercialize SiNW-based anodes
for LIBs.



Conclusiones
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La meta de esta tesis doctoral era estudiar el crecimiento de nanohilos de
silicio a través de FCCVD y su ensamblaje en su estado gaseoso en un tejido
macroscópico. Para eso se diseñó especialmente un reactor de śıntesis con la
debida funcionalidad verificada, incluyendo, entre otros, la construcción de
una unidad de evaporación de metales, y experimentos de SCVD en presión
baja y ambiental. Esto permitió la primera demostración reportada de crec-
imiento de SiNW con FCCVD.

Por lo anterior se pudo identificar una amplia gama de parámetros viables,
los cuales a su vez se pudieron estudiar sobre sus efectos en selectividad de
reacción & conversión. Esto dependió de una estrategia de caracterización
eficaz, combinando un sistema de extracción de muestras, la distinción de
productos de reacción por mediciones Raman y de medidas gravimétricas.
El crecimiento de SiNWs puros fue mas efectivo cuando la combinación de
gases inclúıa una mayor proporción de hidrógeno y un relativamente alto por-
centaje de SiH4 (>1vol.% a 650◦C). Con la introducción de un procedimiento
de detección, desarrollado para el efecto, usando espectroscopia Raman, se
encontró que el H2 actúa como un supresor de reacciones competitivas no
catalizadas. Para ser más exacto, una formación de a-Si es inhibida por
hidrógeno a través de un cambio de la cinética de la descomposición de SiH4

de mayores a menores derivados. Eso reduce potenciales núcleos para rutas de
solidificación no catalizadas. Entretanto, los SiNWs crecen sin ser afectados
significativamente, lo que sugiere que el crecimiento de FCCVD no se limita
por la difusión del precursor. Debido al logro del extraordinariamente rápido
crecimiento (>1000nm/s) se pudieron crecer SiNWs con largos ratios de as-
pecto (>180). Correspondientemente, se pudo demostrar que el crecimiento
de SiNWs por FCCVD es aproximadamente tres órdenes de magnitud más
rápido en comparación con SCVD a presión baja. La principal fuerza se
atribuye al drástico incremento de la presión parcial efectiva del precursor.
Lo último, es consecuencia del uso de presiones ambientales en la śıntesis y
el hecho que las nanopart́ıculas catalizadoras no están paralizadas en un sus-
trato, lo cual es inherente al proceso FCCVD. Con respeto al rendimiento de
masa y la eficacia de la conversión del precursor, FCCVD probó ser superior
a SCVD (en baja presión) por aproximadamente tres ordenes de magnitud.

Cuando este rápido crecimiento se combina con part́ıculas catalizadoras
en altas concentraciones (>2 x 107/cm3), SiNWs pueden ser rápidamente
coleccionados por filtración o por hilado. De este modo, varios tipos de es-
tructuras macroscópicas se pudieron generar. Por ejemplo, discos de SiNWs
autosuficientes con diámetros de >10cm y bandas de SiNWs de más de 80cm.
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Las pruebas mecánicas subrayan sus propiedades tipo textil, similares a esos
tejidos 1D como CNT Bucky papers. El crecimiento de SiNWs con FC-
CVD no solo se pudo demostrar con nanopart́ıculas catalizadores de Au,
sino también con el uso de nanopart́ıculas catalizadores de Cu. En ambos
casos se encontraron fuertes similitudes entre SCVD y los experimentos pre-
sentados de FCCVD. Se puede asumir que la estrategia que se ha elaborado
en este trabajo, se debe poder transferir a casi cualquier clase de nanohilo
que ya se ha demostrado viable en SCVD convencional. De hecho, en los
últimos meses ya se ha logrado el crecimiento de SiCNWs & MOxNWs en
FCCVD confirmando parcialmente esta hipótesis.

El relativamente alto rendimiento y reproducibilidad del proceso, posi-
bilitó el desarrollo de un método para fabricar ánodos de bateŕıas de ion litio
basados en SiNWs. De este modo, una extensa caracterización electroqúımica
pudo ser realizada con el propósito de estudiar las propiedades de SiNWs.
Entre otras, capacidades de >2000mAh/g fueron observados hasta después
100 ciclos a C/5 mientras que la integridad 1D del tejido SiNW permaneció
intacto. Igual de importante son las ventajas del ensamblaje de ánodos que
se obtienen usando FCCVD. Siendo este un proceso en seco, tejidos contin-
uos semi-completos pueden ser obtenidos sin pasos de purificación o limpieza.
Por encima de todo eso, los nanohilos con aspecto alto dan al tejido fuertes
propiedades mecánicas, que hacen el subsecuente uso de solventes y agentes
adhesivos redundante. Subsecuentemente, mezclar, pulverizar, o el uso de
solventes como en las ĺıneas de producción convencionales se pueden dejar
de lado completamente, resultando en un proceso de ensamblaje de ánodos
más eficaz. Debido a los convincentes resultados en la integración de LIB y
las propiedades de NWs en FCCVD conllevaron al registro de dos patentes,
que ahora forman la base de Floatech, una compañ́ıa que busca la comercial-
ización de ánodos de SiNW para LIBs.
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Raman spectroscopy is able to highlight vibrational modes of molecules that lead to
a structural fingerprint. The latter can be used to identify constituent molecules in the
sample of interest. The technique makes use of inelastic scattering of photons (=Raman
scattering, see Fig. 6.1). In order to provoke this kind of scattering the sample of interest
is exposed to a monochromatic light source (e.g. laser). The solid-light interaction (e.g.
phonons, molecular vibrations) leads to an energy shift of the scattered laser photons
which can be detected as the fingerprint of the material of interest and interpreted. [1]

Figure 6.1: a) Schematic solid-light interaction b) Schematic scattering pro-
cesses that are relevant in Raman spectroscopy. [2]

Sources of Annex 1

[1] Link:
https://en.wikipedia.org/wiki/Raman_spectroscopy;
accessed: 2022-07-06.

[2] Link:
https://www.frontiersin.org/articles/10.3389/fbioe.2022.856591/full;
accessed: 2022-07-06.

https://en.wikipedia.org/wiki/Raman_spectroscopy
https://www.frontiersin.org/articles/10.3389/fbioe.2022.856591/full
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For justifying the determination of c-Si mass fraction via Raman spectroscopy the
approach of Bustarret et al. was adapted. [1] Therefore, a weighting factor α had to be
introduced for adjusting Raman scattering between a-Si & c-Si. In doing so, a correct
volume fraction of both phases can be calculated. Due to the similar density of a-Si and
c-Si (differ by <2%) the obtained volume fraction can be practically equated to mass
fraction.

According to Bustarret et al., α is a material specific value that is calculated using
the crystallite size L:

α(L) = 0.1 + e−
L

250 (6.1)

L is obtained from wide angle X-ray scattering (WAXS) & the Scherrer equation. [2]
For the latter four differently contaminated SiNW samples were investigated with WAXS.
The respective normalized spectra (also background subtracted) are shown in Fig 6.2a.
Accordingly, an average crystallite size of 18.6nm ±2.3nm could be determined. By using
Equation 6.1 α turns out to be 0.58.

Figure 6.2: a)Normalized and background subtracted WAXS spectra of 4
SiNW samples (Sample A, Sample B, Sample C, Sample D) that differ in
amount of a-Si ratio. b) C vs SiH4 & H2 molar fraction. Sample A, B, C &
D are visually highlighted. Figures were adapted from Article II.
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Sources of Annex 2

[1] Bustarret, E.; Hachicha, M.; Brunel, M. Experimental determination of the nanocrys-
talline volume fraction in silicon thin films from Raman spectroscopy. Applied Physics
Letters 1988, 52, 1675–1677.

[2] Holzwarth, U.; Gibson, N. The Scherrer equation versus the’Debye-Scherrer equation’.
Nature nanotechnology 2011, 6, 534–534.
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Basic definitions:

Energy density (W h kg−1) is the measure for the max. amount of energy the battery
can store with respect to its mass.

Power density (W kg−1) is the amount of power that can be generated with respect to
its mass.

Gravimetric capacity (mA h g−1) is the amount of charge that an active material can
hold with respect to its mass.

Areal capacity (mA h cm−2) is the amount of charge that an active material can hold
with respect to area.

Mass loading (mg cm−2) is the mass that is deployed in an electrode per area.

Discharge rate C/2 (h−1) indicates that a battery is completely discharged in 2 hours.
In the case of a graphite anode operation would consequently occur at 372/2 mA g−1.

Figure 6.3: Schematic process of charge/discharge of a conventional LIB.
Image has been adapted from [5].
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As depicted in Fig. 6.3, a LIB consists in its most general form of two electrodes that
include the active Li storage material, an electrolyte and a separator that is permeable to
lithium ions. The electrolyte is a solution of lithium salt (e.g. Lithium hexafluorophos-
phate) and organic solvent, from which Li+ ions can be shuttled back and forth (charge
& discharge) between the active materials of the electrodes. In case of the cathode, the
active material is usually a Li-metal oxide (e.g. LiCoO2) whereas the anode often contains
graphite for this purpose.

When the battery is fully charged, lithium is intercalated to a maximum degree in
the active material of the anode (graphite). As discharge is initialized (e.g. device ON)
intercalated lithium undergoes oxidation and resultant Li+ ions travel from the anode to
the cathode through the electrolyte. Meanwhile, electrons take an external path (ensured
by the separator) to the cathode via the current collector and thus are able to power a
device.
Oxidation: LiC6 → C6 + Li+ + e−

At the same time, at the cathode reduction takes place where lithium ions (coming
from the anode) intercalate into to metal oxide with electrons being provided from the
external curcuit.
Reduction: CoO2 + Li+ + e− → LiCoO2

During the recharging of the LIB the reverse reaction of what has just being described
takes place. On another note, the lithium metal oxide is never oxidized completely when
the LIB is fully charged at appropriate voltages. The complete reaction tends to have the
form:
Cy + LiCoO2 −−⇀↽−− LixCy + Li1−xCoO2

LIBs are expensive especially due to costly materials such as lithium and cobalt.
Nonetheless, as their ubiquitous use has shown, the advantages of LIBs clearly outweigh
the disadvantages. For instance, the low weight of lithium as well as small ionic radius of
the respective ion enable good gravimetric and volumetric capacity. Also, single charged
Li+ ions have a high mobility, which is beneficial for fast diffusion through thick layers of
solid active material. As a result, the power density is inherently high even at high mass
loading. Lastly, rechargeable batteries that work on the redox potential of Li ensure the
highest possible cellpotential as lithium is set at the bottom of the redox list. [1]

Common LIBs are able to store around 180 W h kg−1 at an average voltage of 3.8
V. As already mentioned, a key factor for obtaining such considerable power densities is
the successful combination of satisfactory gravimetric capacities of the active materials
with high areal mass loading while still maintaining a decent power density. For lithium
metal oxides in current LIBs values of below 180 mA h g−1 are obtained. As for the
anode, and therefore graphite, the highest possible gravimetric capacity of 372 mA h g−1

(volumetric capacity: 804 A h L−1) is nowadays reached. [2] While gravimetric capacities
ranging between 150 and 400 mA h g−1 are generally considered standard, commercial LIB
electrodes exhibit a relatively high areal capacity of 1.5-2 mA h cm−2. [3] With respect
to the anode, this translates into a very high areal mass loading of about 5 mg cm−2.

Although areal mass loading could be easily further increased, one would need to
consider a resulting reduction in power density, rate performance and anode stability. This
is because Li+ ions and electrons would face more obstacles in reaching either available
active material or the current collector and too thick slurries might crack during drying due
to excessive capillary forces. Here, graphite has proven to be a decent trade-off which it
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mainly owes to its good conductivity (>3.3 x 102 S m−1) and layered structure. Therefore,
electrons can be efficiently transferred to/from the current collector and lithium diffusion
is facilitated through the active material. LIBs perform under typical discharge & charge
rates of 0.5-2C. [4]

The minimum voltage used for charging graphite anodes is around 10mV. Even above
this potential, common LIB electrolytes lose thermodynamic stability and suffer a reduc-
tive decomposition. As a consequence a solid, called the solid electrolyte interface (SEI), is
formed covering the active anode material. Since the SEI is nonconducting but permeable
to lithium ions, further loss of electrolyte is stopped after reaching a threshold thickness
(≈100nm). Since the SEI formation occurs mostly in the first battery cycle, and therefore
irreversibly depleting electrolyte material, the CE of the first cycle (CE1st) deviates far
from the average CE.

Sources of Annex 3

[1] B. J. Landi, M. J. Ganter, C. D. Cress, R. A. DiLeo, R. P. Raffaelle; Energy & Environ-
mental Science 2009; 2, 638.

[2] T.D. Bogart, D. Oka, X. Lu, M. Gu, C. Wang, B.A. Korgel; Acs Nano 2014; 8, 915.

[3] K. Feng, M. Li, W. Liu, A. G. Kashkooli, X. Xiao, M. Cai, Z. Chen; Small 2018; 14,
1702737.

[4] Link:
https://batteryuniversity.com/learn/article/typesoflithiumion;
accessed: 2020-04-01.

[5] Link:
https://www.istockphoto.com/es/vector/esquema-de-bater%C3%ADa-de-iones-de-litio-gm825367806-133778177#;
accessed: 2022-07-06.

https://batteryuniversity.com/learn/article/types of lithium ion
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Tough sheets of nanowires produced floating
in the gas phase†

Richard S. Schäufele, ab Miguel Vazquez-Pufleaua and Juan J. Vilatela *a

Assembling nanostructured building blocks into network materials

unlocks macroscopic properties inaccessible with monolithic solids,

notably toughness and tolerance to electrochemical alloying.

A method is reported for large-scale, continuous synthesis of silicon

nanowires (SiNWs) suspended in the gas phase and their direct assem-

bly into macroscopic sheets. Performing gas-phase growth of SiNWs

through floating catalyst chemical vapor deposition using an aerosol of

gold nanoparticles eliminates the need for substrates, increasing the

growth rate by a factor of 500, reaching 1.4 lm s�1 and leading to very

long SiNWs. The combined high aspect ratio (4210) and large concen-

tration of SiNWs in the gas-phase (1.5 � 107 cm�3) enable the

formation of macroscopic solids solely composed of percolated

SiNWs, such as free-standing sheets and continuous metre-long SiNW

tapes. Sheet samples of small diameter SiNWs (o25 nm) combine

extraordinary flexibility in bending, tensile ductility around 3%, and

over 50-fold higher toughness than Si-based anodes (fracture energy

0.18 � 0.1 J g�1). This synthesis and assembly process should be

applicable to virtually any one-dimensional inorganic nanomaterial

producible by thermochemical methods.

1 Introduction

One-dimensional (1D) inorganic nanostructures are fascinating
objects that combine quantized optoelectronic properties, enor-
mous surface-to-volume ratio and often an extremely high degree

of crystallinity. As an archetypal example, silicon nanowires
(SiNWs) of small diameter show visible photoluminescence,1

high photocatalytic activity,2 and tolerance to large expansions
under electrochemical conversion reactions,3 all distinct from the
properties of bulk silicon. Exploiting the properties of 1D nanos-
tructures requires integrating a large number of them into
macroscopic ensembles. 1D inorganic nanostructures can be
assembled into a range of architectures,4 but most often bound
to a rigid supporting surface, reminiscent of a substrate-growth
process or because the macroscopic ensemble lacks mechanical
integrity. Some exceptions include growth of ultra-light silicon
carbide aerogels using sacrificial templates,5 plasma-assisted
synthesis of boron nitride nanotube (BNNT) felt,6 and spinning
of fibres of carbon nanotubes (CNTs).7–10 In the latter case,
controlled growth of long carbon nanotubes and their direct assem-
bly from the gas phase into aligned fibres7 has led to mechanical
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DOI: 10.1039/d0mh00777c

Received 11th May 2020,
Accepted 13th August 2020

DOI: 10.1039/d0mh00777c

rsc.li/materials-horizons

New concepts
We present a new universal route to produce continuous sheets of inorganic
nanowires directly assembled through their growth suspended in a gas
stream, with textile-like properties and an order-of-magnitude higher
toughness than monolithic analogues. Drawing on evidence that chemical
vapour deposition can be conducted with catalyst aerosols, the manuscript
demonstrates the synthesis of silicon nanowires (SiNWs) floating in the gas
phase, at high particle concentration and unprecedented fast growth rate,
enabling the direct formation of percolating networks and fabrication of
continuous macroscopic solids solely composed of SiNWs. Their network
structure of bundled nanowiresmakes them flexible in bending and tolerant
to knotting, similar to fabrics and in stark contrast with monolithic
ceramics. Deformation through network reorganisation and nanowire
stress transfer in shear lead to high tensile toughness, with exceptionally
high fracture energy compared to regular Si materials, and similar to
sheets of high-performance nanocarbons or boron nitride nanotubes.
The synthesis method should be applicable to virtually any one-dimensional
inorganic nanomaterial producible by thermochemical methods. Moreover,
controlling percolation through aspect ratio and concentration in the gas
phase gives access to novel network materials ranging from transparent
conductors to dense fibres using the same process; with an inherent
toughness attractive for mechanically augmented devices.

Materials
Horizons
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tensile strength and toughness superior to almost any engineering
material,11 combined with higher thermal conductivity than
copper12 and the flexibility of staple yarns, amongst other properties.

A fascinating prospect is the development of a generic route to
assemble 1D inorganic nanostructures into continuous networks
forming free-standing macroscopic materials. Considering
that most inorganic 1D nanostructures can be synthesized by
substrate-based chemical vapor deposition (CVD),13 it is promis-
ing to eliminate the substrate by using an aerosol of catalyst
nanoparticles floating in a gas stream14 to grow nanowires in the
gas phase and perform their assembly into macroscopic networks
in one stage. In this work, we demonstrate large-scale, contin-
uous synthesis of SiNWs in the gas-phase by floating catalyst
chemical vapour deposition (FCCVD) and direct assembly into
macroscopic structures resembling tough fabrics or sheets. When
composed of small diameter SiNWs, the sheets are flexible, can
be knotted, and undergo mechanical deformation as a textile,
absorbing on average 0.18 J g�1 under tensile deformation, more
than an order of magnitude above monolithic Si wafers used in
optoelectronics or Si microparticle battery electrodes.

2 Results and discussion

We performed the synthesis of SiNWs through chemical vapour
deposition of silane (SiH4) using an aerosol of Au nanoparticles
to enable SiNW growth unsupported and suspended in the

gas-phase. The synthesis reaction is carried out in a vertical
tube furnace with entry ports at the top for gases and Au
nanoparticles generated by thermal evaporation, and a cham-
ber at the bottom to collect the SiNW material (Fig. 1a).
Incoming silane decomposes at the floating catalyst nano-
particles as they travel through the length of the reactor,
initially forming the Au–Si eutectic and then, upon supersa-
turation, leading to the growth of thin nanowires preferentially
in the h110i direction at the end of the catalyst nanoparticles.15

Growth of SiNWs by floating catalyst chemical vapour deposi-
tion eliminates the need for a substrate to support the catalyst,
thus enabling a continuous synthesis process (see Supporting
Video, ESI†) and direct assembly into different macroscopic
formats. Fig. 1b shows an example of a continuous tape of
SiNWs of metre-scale and Fig. 1c a photograph of porous solid
solely made of SiNWs collected from the gas phase, including
electron micrographs of the constituent nanowires at different
scales.

We have found a wide window of reaction conditions leading
to the successful growth of SiNWs, but optimum sample quality in
terms of crystallinity, reduced content of self-nucleated Si nano-
particles and low tapering is currently obtained by conducting
the reaction at 650 1C, using silane at a concentration of 1.0%
in a mixture of N2 and H2 as carrier gases. A typical sample
produced under these conditions has over 95 vol% of SiNW,
with around 1 vol% Au residual catalyst. The SiNWs are long,
straight and mono-crystalline (diamond structure), with their

Fig. 1 Continuous synthesis of macroscopic networks of SiNWs by floating catalyst chemical vapour deposition. (a) Schematic of the synthesis process
based on catalytic decomposition of SiH4 in the presence of an aerosol of Au particles. (b) Photograph of continous SiNW tape on the metre scale.
(c) Free-standing SiNW material and electron micrographs of the porous ensemble of long SiNWs.
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main axis parallel to h110i. Examples of electron micrographs
are shown in Fig. 2. We determined the distributions of SiNW
diameter and aspect ratio by image analysis of electron
micrographs (Fig. 2 and Fig. S3, ESI†). They show an average
diameter of F = 20.0 � 5.5 nm and an aspect ratio of s =
214.3 � 63.8. There is no observed correlation between
nanowire aspect ratio and diameter; it then follows that
thicker nanowires tend to be longer (reaching up to 13 mm)
(Fig. S4, ESI†). This suggests that the availability of SiH4 is not
the reaction rate-limiting step and that growth rate depends
on the catalyst particle size. To avoid overestimating the
length in case electron micrograph analysis is biased towards
thicker SiNWs, the average length can be calculated from the
product of average diameter and average aspect ratio, which
results in L = 4.3 � 2.3 mm.

A key aspect of the reaction enabling the formation of
macroscopic networks of SiNWs lies in the simultaneous
achievement of a very fast growth rate and high throughput.
For a typical residence time of 8 s, a high estimate calculated
from gas velocity through the reactor hot zone, the average
growth rate can reach 1400 nm s�1, which is orders of magni-
tude higher than conventional gold-catalysed substrate growth
of SiNWs, typically at around 2–15 nm s�1 (Fig. S1, ESI†).
Similar enhancements in growth rate compared to substrate-
based processes have been observed in CNTs7 and GaAs NWs14

grown by FCCVD, and thus seem to be a generic feature of this

synthesis mode. We attribute them to faster kinetics for
precursor transport in floating catalyst conditions resulting
from a much larger separation between NWs, which avoids
reactant depletion zones, and the fact that both the precursors
and the catalyst can diffuse simultaneously. But very impor-
tantly, the growth of long, highly crystalline SiNWs reported
here is achieved at high 1D nanoparticle concentration in the
reactor. Based on throughput determined from direct measure-
ment of sheet sample mass, we estimate a typical nanowire
number concentration of 1.5 � 107 cm�3 in the gas phase.

The combined high aspect ratio and high concentration in
the reactor favour the aggregation of SiNWs through the
formation of entanglements and contact between SiNWs, thus
enabling collection into mechanically robust macroscopic
ensembles. A useful process descriptor can be derived from
the general theory of particle networks: a continuous (per-
colating) particle network forms above a critical volume con-
centration (vp), determined by the particle excluded volume and
thus related to its aspect ratio (s) as vp E 0.5/s.21 Drawing from
this simple relation, we use the product of aspect ratio and
particle volume concentration in the reactor (vs) as a figure of
merit to describe the probability for 1D objects produced in the
gas-phase to form continuous networks. Expressed in terms of
particle diameter (F), length (L) and number concentration (n)
it leads to vs = 0.25pFnL2. This simple ‘‘aerogelation para-
meter’’ captures, for example, the importance of increasing

Fig. 2 Size distribution of SiNWs produced in the gas-phase. (a) Electron micrograph of a network of long SiNWs. (b) HRTEM and FFT inset of
monocrystalline SiNWs with the growth direction h110i. (c) Diameter and (d) aspect ratio distributions of SiNWs determined from electron mirographs.
The product of average diameter and aspect ratio gives an average length of L = 4.3 � 2.3 mm.
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concentration and length simultaneously. In Table 1, we com-
pare the values of vs for various processes of gas-phase synth-
esis of nanomaterials leading to different macroscopic formats.
The synthesis conditions used in this work give a value of
4.3 � 10�6. This is orders of magnitude higher than the existing
methods for gas-phase synthesis of thin films of 1D nanoma-
terials, such as CNT transparent conductors (6.3 � 10�9)17 or
GaAsNW networks for optoelectronics (4 � 10�8),14 purposely
kept very dilute to control optical absorption and maintain
transparency. The present values of vs are however, currently
lower than processes for the in situ formation of fibres, either of
CNTs grown by FCCVD (2.5 � 10�2)16 or of BNNTs produced by
plasma-assisted methods (5.3 � 10�2).20 Under synthesis con-
ditions explored so far, we visually observed macroscopic

aggregates of SiNWs in the gas phase at the exit of the reactor
(Fig. S2, ESI†), but they are discontinuous. Nevertheless, current
values of vs are sufficient to produce integrated engineering
materials exclusively made up of SiNWs, such as sheets, and
determine their macroscopic properties, as discussed below.

Free-standing macroscopic samples can be easily produced
by collecting the SiNWs on a filter during gas-phase synthesis,
and then manually removing the sample from the filter. They
resemble thin fabrics in terms of their overall toughness during
handling. As a result of their network structure of building
blocks with a diameter much smaller than the sample thick-
ness, as in a regular textile fabric, they have large flexibility in
bending. In Fig. 3a, we show a strip of SiNW sheet with an
overhand knot, equivalent to withstanding deformations at a

Table 1 Production parameters for FCCVD synthesis of 1D nanomaterials in different formats

Nanomaterial type
Particle number
concentration (# cm�3) Average aspect ratio

Aerogelation
parameter

Throughput
(g per day) Ensemble format

SiNW (this work) 1.5 � 107 214 4.3 � 10�6 0.2 Sheets
CNT16 1.1 � 109 33 000 2.5 � 10�2 2.33 Fibres
CNT17 5 � 105 4000 6.3 � 10�9 E4.8 � 10�6 Thin film
GaAs14 1 � 106 20 4 � 10�8 E0.024 Thin film
BNNT18,19 E7.8 � 108 31 1.6 � 10�7 E0.48 Powder
BNNT20 4.2 � 1010 5000 5.3 � 10�2 840 Fibres

Fig. 3 Mechanical properties of SiNW sheets and similarity to textiles. (a) Photograph of a sample with an overhand knot, demonstrating high flexiblity
in bending. (b) Example of a stress–strain curve with high fracture energy from elasto-plastic deformation and correspondingly high ductility.
(c) Micrographs showing ragged fracture surfaces resulting from SiNW slippage, similar to a staple fibre fabric. SG: specific gravity.
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radius of curvature of below 0.8 mm. As a further indication
of mechanical robustness, centimetre-long samples as thin as
3 mm are free-standing.

We have also performed tensile tests on rectangular sheets,
with a focus on samples composed of SiNWs of a relatively
small diameter of 20.0 � 5.6 nm, and a length of 4.2 � 2.3 mm,
controlled through adjustment of the size distribution of
Au catalyst particles and the precursor concentration (see
Experimental section). Smaller NW diameters were purposely
targeted to favour their compaction. By virtue of their smaller
bending stiffness (scaling as F4), these SiNWs behave as
flexible rods that can form domains of close NW contact
(Fig. S5, ESI†), similar to bundles, increasing stress transfer
in shear between them.22

Fig. 3b presents examples of specific stress against engineering
strain (use of specific units avoids uncertainty with the deter-
mination of the cross-section, which is problematic in porous
samples). The first aspect that stands out is their large ductility
around 3%. This is far higher than the strain-to-break of
monolithic inorganic materials, such as bulk silicon (o0.1%),
for example. The sloping profile of the stress–strain curve is
indicative of a network material with elasto-plastic tensile
behaviour combining stress development through elastic defor-
mation of the nanowires, entanglements and frictional stress
from nanowire slippage. Indeed, the fracture surface is ragged,
and resembles that of a textile or staple fibre fabric like cotton
(Fig. 3c). The frictional stress developed during plastic deformation
provides the material with high overall toughness, with an average
density-normalized fracture energy of 0.18 � 0.1 J g�1 and as
high as 0.36 J g�1. This fracture energy is significantly above
both bulk Si (0.014 J g�1) and regular Si microparticle battery
anodes (0.003 J g�1),23 and comparable to recently-reported
CNTs/Si composite battery anodes with nearly theoretical
capacity and extended cyclability enabled by a fracture energy
of 0.21 J g�1.23

Finally, we compared different materials with a network
structure made up of nanoscale building blocks. Fig. 4 shows
a plot of the density-normalized tensile fracture energy against
the ratio of sample density over its theoretical bulk density.
This representation enables visualisation of the build-up of
toughness with increasing compaction of 1D elements in the
network. At the low end are materials with ultra-low density
such as SiO2 aerogels composed of a rigid cellular structure of
thick nanofibres (4200 nm), which behave as foams that can
withstand transverse compaction but have otherwise low
tensile toughness, with a fracture energy of around 0.01 J g�1.
When of a smaller diameter (o50 nm), 1D nanostructures
can compact more easily and form larger interfacial areas of
contact, thus forming tougher materials resembling fabrics
that are capable of reaching higher tensile fracture energies
of 0.1–1 J g�1. The SiNW sheet samples produced by FCCVD in
this work are in this category, as well as sheets of BNNTs6 or
of CNTs,27 often referred to as buckypapers. In these sheets,
the 1D nanostructures are predominantly aligned along the
main axis but randomly oriented in the plane. Increased
density and load-bearing capacity requires a higher packing

and alignment of building blocks in the longitudinal direc-
tion, as in aligned CNT fibres reaching tensile fracture
energies of 10–100 J g�1.

Producing macroscopic ensembles of SiNWs that cover the
range from foams to aligned fibres should be within reach, if
SiNW diameter and length are controlled during growth in the
gas phase. Combining this control with the possibility to
translate the present FCCVD method to the enormous library
of 1D nanomaterials that can be synthesized through conven-
tional CVD unlocks a strategy to produce a myriad of new
macroscopic engineering materials from 1D nanobuilding
blocks. The inherent toughness of network structures makes
them particularly attractive for energy storage28 and conversion
applications,29 especially those relying on integration into
complex shapes for use in mechanically-augmented devices,
such as in wearable electronics30,31 and energy-storing struc-
tural composites.32

Another interesting aspect of the direct conversion of gas
precursors to fully integrated solids is the elimination of
processing steps requiring handling of the nanomaterials in
powder form. As powders, nanomaterials are generally more
prone to individualisation, often requiring special safety
handling measures.33 Although in most envisaged applica-
tions, nanowires are contained by some form of encapsula-
tion, toughness resulting from strong interparticle forces and
entanglements inherently minimises exposure to individua-
lised particles during mechanical manipulation. Nevertheless,
a precautionary approach should be applied to SiNWs, even in
light of in vivo studies indicating early rapid SiNW clearance
after being intratracheally instilled in rats34 and promising
applications when interfaced with living cells.35

Fig. 4 Tensile fracture energy and density ratio of SiNW sheets and
other porous materials with network structures. Tensile fracture energy
builds up from contact between elements in the network and is related
to their compaction. Large diameter building blocks are rigid and lead
to brittle foams,24–26 small diameter building blocks enable packing
into sheets with moderate properties,6,27 and when highly aligned into
high-performance fibres.11
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3 Conclusions

In conclusion, we show continuous synthesis of SiNW networks
in the gas-phase and direct association into macroscopic solids.
Conducting SiNW growth using an aerosol of catalyst nano-
particles increases the growth rate by orders of magnitude
compared to substrate-based CVD, attributed to faster kinetics
for precursor transport in floating catalyst conditions by avoiding
reactant depletion zones and enabling diffusion of both the
precursors and catalyst. Critically, the growth of long building
blocks is achieved at high particle concentrations in the reactor,
thus favouring the formation of percolated networks of SiNWs
and association into macroscopic solids. An implication of this
work is the demonstration of a generic route for the growth of
ultralong 1D inorganic nanostructures in the gas phase and their
direct assembly into macroscopic solids. This strategy should be
applicable to a large number of 1D nanostructures producible
through substrate-based CVD. Controlled organisation into
porous solids seems particularly promising for energy storage
and conversion applications.

The product of aspect ratio and volumetric concentration
(vs) is introduced as a descriptor to guide improvements
towards the fabrication of high-performance materials made
up of 1D nanostructures. Large increases in the aspect ratio
may be attainable by temperature-gradient control36 or using
alternative Si precursors,37 previously shown to produce SiNWs
of 1–20 mm grown on substrates. Related gas-phase synthesis
processes for ultrahigh aspect ratio CNTs8,16 or large through-
put in plasma-based growth of BNNTs,20 suggest promising
avenues for the simultaneous improvement of both aspect ratio
and volumetric concentration. Increases in SiNW length and
reaction conversion will also translate into a large cost drop
from the corresponding reduction of Au concentration in the
final material. Sheets of SiNWs of small diameter, long SiNWs
resemble textiles and with orders of magnitude higher tough-
ness than ceramic materials and Si microparticle electrodes.
This augurs high capacity retention as lithium ion battery
electrodes, for example.

4 Experimental
Synthesis of SiNWs by FCCVD

The FCCVD reactor consists of a chamber for catalyst nanopar-
ticle generation, a reaction tube and a collection chamber.
An aerosol of gold particles was generated via resistive heating
of a gold source at approximately 1500 1C. A nitrogen gas flow
was introduced at the heated gold source with a continuous
flow rate of 2 slm. Just before the reactor tube (stainless steel
tube, diameter of 10 cm), silane gas and hydrogen gas were
added. The typical nitrogen, hydrogen and silane ratio used is
41 : 58 : 1. The temperature of the reactor was set to 650 1C.
As SiNWs were grown in the reaction tube, the structures were
collected down-stream via filtration using a conventional por-
ous paper. These synthesis conditions led to an approximate
throughput of 0.2 g per day, based on the mass of collected
material. Samples of thicker NWs and lower purity could also

be produced at a throughput of 1 g per day. Typical sample
weight was around 20 mg.

SiNWs and residual Au nanoparticles were calculated from image
analysis of SEM micrographs using brightness, contrast and shape
differences to produce areal maps of filtered composition.

SiNW diameter and length determination

SiNW diameter and aspect ratio distributions were obtained by
image analysis of scanning electron micrographs at high mag-
nification (Fig. S3, ESI†). Length was calculated from the
product of diameter and aspect ratio.

Sample preparation

Preparation of free-standing samples consisted in depositing
SiNWs on a vacuum filter at the end of the FCCVD reactor,
typically for a collection time of 30 minutes. The material was
then mechanically removed from the filter and then densified
with isopropanol. This densification procedure was applied to all
samples shown in the manuscript except those in Fig. 1 and 2.
By weighing the sheets we could easily determine the areal
density. Samples for tensile tests were cut out from the sheet
using a scalpel.

Tensile tests

Tensile tests were performed with a Textechno Favimat tensile
tester, at a strain rate of 10% min�1. Sample dimensions
were determined from optical micrographs of each sample.
The typical width was 0.6 mm, and the thickness was 25 mm.
Volumetric density could then be determined from areal den-
sity and thickness. Discarding specimens that broke at the
grips, 36 samples were tested in total, 23 at a gauge length of
5 mm, 5 at 2 mm, and 8 at 1 mm. No significant difference in
tensile strength was found at smaller gauge lengths. Data were
corrected for machine compliance, obtained from tensile tests
on commercial poly-aramid fibres. Stress–strain curves in the
main manuscript are for 5 mm gauge-length samples. Tensile
fracture energy values for the main paper were calculated from
the data in Table S1 (ESI†). For SiNWs, data are calculated from
the 10 best measurements with clear evidence of a genuine
fracture not induced by grips of defects introduced during
manipulation. Density ratios are calculated assuming a max-
imum density corresponding to hexagonal closed packed
bundles of solid rods each with the theoretical bulk density
of the material.
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Comparison of growth rates for SiNWs grown by CVD, including

FCCVD

Figure S1: Reported SiNW growth rates for gold-catalysed low pressure CVD (<40mbar) 1–6

and atmospheric pressure CVD7 using SiH4 as precursor.

2
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Macroscopic aggregates formed in the gas-phase

Figure S2: Observation of macroscopic aggregates of SiNWs at the exit of the FCCVD
reactor a) Scheme indicating location of samples and where the photograph was taken. b)
Photograph showing widespread small macroscopic aggregates floating in the gas phase. c)
Higher magnification image of b).

3
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Additional electron micrograph of SiNWs

SiNW diameter distributions were obtained by image analysis of scanning electron micro-

graphs at a magnification of 50k. Figure S3 shows an examples of a typical micrograph

used.

Figure S3: Example of a typical SEM micrograph used for determination of SiNW diameters.

4
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SiNW diameter vs aspect ratio & SiNW diameter vs length

Figure S4: Plots of SiNW diameter versus aspect ratio (a) and length (b), showing that
aspect ratio of FCCVD-grown SiNWs is independent of SiNW diameter.

5
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Contact between SiNWs

Small diameter SiNWs can form contact areas, which are effectively domains over which

they can transfer stress in shear. Some examples are shown in the electron micrographs in

Figure S5.

Figure S5: Electron micrographs showing SiNWs forming bundles. The large contact area
give rise to high tensile fracture energy in the macroscopic SiNW sheet.

6
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Tensile tests and mechanical data

Table S1: Comparison of tensile properties of 1D nanomaterial ensembles and other porous
materials

Composition Relative density Density Fracture Strength Fracture Reference
ρ/ρtheory (g/cm3) energy (J/g) (MPa/SG) strain (%)

SiNW sheet 0.061 0.128 0.18 ± 0.1 12.1 ±3 2.75 ± 0.7 (this work)
CNT-buckypaper 0.28 0.53 0.27 11.9 0.7 8

CNT-fibre 0.5 0.5 13 1444 4 9

BNNT-buckypaper 0.2 0.4 0.56 7 8 10

NF of PAN, SiO2 0.005 0.008 0.02 0.5 7 11

NF of SiO2 0.002 0.005 0.01 0.8 3.5 12

SiO2 aerogel 0.028 0.075 0.001 0.13 ≈ 2 13

As an example of bulk Si we consider a Si wafer. Tensile strain-to-break (0.06%) and

tensile fracture energy (0.03X106J/m3) are calculated from experimental values of tensile

strength (102 MPa)14 and assuming linear elastic behaviour with the modulus of crystalline

Si (165.6 GPa).15 Specific tensile fracture energy comes out as 0.014J/g. Mechanical data

for Si-based electrodes is obtained from reference.16 For CNT-free electrodes: strength =

0.25MPa, strain-to-break = 0.35% and tensile fracture energy = 2.5x103J/m3 (0.003J/g).

Composite electrodes with 7.5 wt.% carbon nanotubes showing near theoretical capacity

have strength = 4.5MPa, strain-to-break = 5% and tensile fracture energy = 0.15x106J/m3

(0.21J/g).

Comparison of methods for synthesis of 1D inorganic nanostruc-

tures

For BNNT, we take an average length of 0.2µm and average diameter of 6.5nm,17 continu-

ous throughput of 20mg/h estimated from TEM observations18 and particle concentration

calculated from flow rates for sample N in reference.17 For CNT fibres, data are from in-

house samples produced using IMDEA’s FCCVD system under synthesis conditions reported

previously.19 For CNT thin films, data are from reference.20

7
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Controlling reaction paths for ultra-fast growth of
inorganic nanowires floating in the gas phase†
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Juan J. Vilatela *b

Synthesis of inorganic nanowires/nanotubes suspended in the gas through floating catalyst chemical vapour

deposition (FCCVD) produces exceptional growth rates of 5–1000 micron per second, several orders of

magnitude faster than conventional substrate processes. It leads to nanowire lengths >100 microns and thus

to the possibility of direct assembly into freestanding macroscopic networks as a continuous process. This

work studies the different reaction paths controlling conversion and selectivity in FCCVD applied to the syn-

thesis of silicon nanowires (SiNWs) from silane, grown through an aerosol of gold catalyst nanoparticles.

There are two main competing reactions: catalysed growth of SiNWs and non-catalysed formation of amor-

phous Si nanoparticles. The mass fraction of the two populations can be precisely determined by XRD and

Raman spectroscopy, enabling high-throughput screening of reaction parameter space. The experimental

data and accompanying analytical model show that selectivity is kinetically controlled by the ratio of precur-

sor/hydrogen carrier gas, through its inhibition of the pyrolisis of silane into silylene. In contrast, the rate of

SiNW growth is largely unaffected by hydrogen and not limited by precursor availability. These results

provide a framework to describe the kinetics of nanomaterials growth by FCCVD.

1 Introduction

One-dimensional (1D) inorganic nanostructures are interesting
materials with exceptional morphological anisotropy. They can
combine a high degree of crystallinity extending over very long
domain sizes longitudinally, with quantized electronic struc-
ture and enormous surface-to-volume ratio as a result of their
nanosized diameter. As macroscopic ensembles, 1D nano-
materials form percolated networks that can minimise charge
transport resistance1 and exhibit high toughness,2 amongst
other properties that make nanostructured networks of interest
for application as electrodes for energy storage and
conversion.3–5 Implementation in these and many other envi-
saged applications requires large amounts of 1D nano-
structures, typically above thousands of tonnes per year, thus
calling for processes that are scalable and have high selectivity
towards the crystallinity and purity of the final material.

The most common methods for nanowire (NW) synthesis
include wet-chemical methods, such as supercritical fluid–
liquid–solid (SFLS) growth,6 top-down methods, such as
electrochemical etching,7,8 and gas-phase processess based on
the vapor–liquid–solid (VLS) growth mode.9 These methods
have different merits according to their target application, and
different challenges for scale-up. Top-down methods, for
example, are constrained by the size and shape of the crystal-
line monolith from which the excess material is removed. Wet-
chemical methods are batch processes, with throughput of
NWs per batch in the range of around 100 mg, and require
numerous additional processing steps to harvest the 1D nano-
structures.10 The resulting NWs produced by wet-chemical
methods often have moderate purity,11 with a relatively high
surface contamination reminiscent of the carbonaceous pre-
cursor species and solvents used in the reaction.12

Gas-phase processes for synthesis of nanomaterials are
highly scalable,13 enable large control over their chemistry and
morphology, and are applicable to an enormous library of
different nanomaterials.9 For nanowires and nanotubes (NT),
their synthesis is commonly conducted through thermo-cata-
lytic decomposition of precursors and incorporation into a
catalyst resting on a substrate, generally following the well-
known VLS mechanism.14

In a particularly interesting synthesis mode, the catalyst for
NW growth is not supported on a substrate but floating in the
gas stream, as demonstrated for carbon nanotubes (CNTs),15

†Electronic supplementary information (ESI) available: Propagation of relevant
Raman peaks at varying gas mixture ratios, correlation of SEM analysis and crys-
tallinity, c-Si contamination on SiNWs at high temperatures, SiNW info on dia-
meter, length, aspect ratio and number concentration, morphology of sample
grown without hydrogen, methodology of determining crystallinity, explanation
of approach of modelization of experimental data. See DOI: 10.1039/d1nr07261g

aDepartment of Applied Physics, Universidad Autónoma de Madrid, Cantoblanco

28049, Madrid, Spain
bIMDEA Materials, Madrid, 28049, Spain. E-mail: juanjose.vilatela@imdea.org;

Tel: +34 915493422
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boron nitride nanotubes (BNNT),16 III–V semiconductor nano-
wires,17 and more recently silicon nanowires (SiNWs).18

Growth through floating catalyst chemical vapour deposition
(FCCVD) eliminates the need for substrates, enabling a con-
tinuous process where nanowires are directly assembled into
macroscopic solids from the gas phase.15 The solids produced
by this method have shown bulk mechanical, electrical and
thermal properties in the high-performance range and above
reference engineering materials.19

Very importantly, growth of nanowires through FCCVD
occurs under conditions that are significantly different from
substrate-based CVD. For instance, the FCCVD process is in a
flow-through reactor (Fig. 1a), instead of a batch reactor, thus,
mixing of the aerosol of catalyst nanoparticles and the precur-
sor gas is essentially instantaneous and homogeneous, avoid-
ing precursor depletion zones. As a consequence, at similar
process conditions, floating catalyst particles are exposed to
higher effective precursor concentrations resulting in
increased catalytic activity and lower diffusion bottlenecks.
These are further enhanced by unlocking higher growth temp-
eratures, which are not inhibited anymore by substantial pre-
cursor consumption from undesired thin film growth on the
substrate.17 Overall, atmospheric FCCVD leads to 20–1000
times faster growth rates than substrate processess,18,20 and
produces high aspect ratios for nanowires (>200, e.g. Fig. 1b
and c) and for nanotubes. This enables short residence times
only in the order of <15 seconds, in contrast with common
reaction times of >20 minutes for substrate-based processes.

Of particular interest is to determine the factors that
control selectivity and conversion in the growth of NW by

FCCVD. For CNTs, BNNTs, and III–V semiconductor NWs,
high-purity materials are typically produced under very dilute
synthesis conditions and low conversion, whereas reaction
conditions for high conversion and/or high throughput often
produce formation of a large fraction of soot-like nanoparticles
and other impurities. Under conditions of high selectivity
(>95% nanowire volume fraction) in GaAsNW synthesis, for
example, conversion is estimated at around 0.25%.21–23

Conversion in FCCVD synthesis of carbon nanotubes ranges
between 0.07–10%,24 but at high conversions typically with
more than 10% volume fraction of carbonaceous impurities.

This paper sets out to study growth of 1D nanostructures by
FCCVD using SiNWs as a model system. Through direct
measurements of reaction throughput and sample purity-crys-
tallinity, the results lead to maps of conversion and selectivity.
These clarify the role of hydrogen, which besides acting as a
“carrier” gas suppresses non-catalysed growth of solid silicon
from late derivates in silane pryolisis. The experimental results
are rationalised with a kinetic model describing the two domi-
nant reactions.

2 Methods

Synthesis of SiNWs is performed in a customized flow-through
FCCVD reactor. As shown schematically in Fig. 1a, it consists
of a tubular reactor with gas inlets, a nanoparticle generator,
heated CVD chamber and collection zone. The catalyst nano-
particle generator produces Au nanoparticles through thermal
evaporation of Au at temperatures of approximately 1500 °C,

Fig. 1 Synthesis of SiNWs by FCCVD. (a) A schematic of the FCCVD reactor, consisting of a tubular reactor with gas inlets, a nanoparticle generator,
heated CVD chamber and collection zone. SiNWs grow via the VLS mechanism through thermocatalytic decomposition of SiH4 assisted by an
aerosol of Au nanoparticles. (b) SEM micrograph of network of SiNWs synthesized via FCCVD; Au nanoparticles are clearly visible (white dots) and
match respective SiNW diameters. (c) High growth rate of FCCVD synthesis results in long SiNWs with typical average lengths of ≥3 μm and top
lengths of around 12 μm, as shown in this SEM micrograph.
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which are transported to the reactor chamber using N2 as
carrier gas. H2 and SiH4 are introduced through separate
ports. The CVD chamber is a vertical tube furnace with a
reactor tube of 10 cm outer diameter. Samples are collected by
directly depositing them on a filter paper connected to a
vacuum pump.

This work focuses on the role of the carrier gas in the con-
version and selectivity in the decomposition of SiH4 in the
presence of Au. We experimented with reaction conditions that
featured SiH4 molar fractions of 0–3%, H2 molar fractions of
28–72% and the remaining part being N2. Total gas flow rate
ranged from 4slm to 8slm and were controlled with OMEGA
FMA5500A-type mass flow controllers and Bronkhorst Coriolis
flow controllers. Other synthesis parameters were fixed: reactor
pressure at 900 mbar, reaction zone temperature of 650 °C,
and Au catalyst nanoparticles average diameter of 22.3 nm ±
8.5 nm. Residence times are calculated from the total gas flow
traversing the hot zone of the reactor tube, taken as 30 cm.
They were in the range of 5–13 seconds for the experiments in
this study.

SiNW samples were studied with a scanning electron micro-
scope (SEM; FEI Helios NanoLab 600i) in order to determine
average diameter of SiNWs and AuNPs, average length and
average aspect ratio. These were obtained from image analysis
of SEM micrographs of over 168 different SiNWs (see ESI†), uti-
lizing the software ImageJ. High resolution transmission elec-
tron microscopy (HRTEM) images, EDX profiles and SAED pat-
terns were taken in a FEI Talos F200X operating at 80 kV.
Raman spectroscopy was carried out in a Renishaw inVia
micro-Raman spectrometer with a laser wavelength of 532 nm
(2.33 eV) using 50× objectives and a low power configuration
in order to avoid heating effects and sample damage. Samples
were weighed using a Precisa ES 125SM analytical balance.
These samples were freestanding sheets directly removed from
the paper filter. X-ray diffraction data were collected at the
NCD-SWEET, the wide-angle/small-angle X-ray scattering
(WAXS/SAXS) beamline of the Spanish synchrotron ALBA.
Scattering of the samples was collected at a radiation wave-
length of λ = 1.0 Å. Prior to scattering collection, the sample
holder position was calibrated using silver behenate (AgBh) for
SAXS and chromium oxide (Cr2O3) for WAXS. The patterns
were first corrected for the background scattering and then
analyzed using DAWN software (v. 2.20), obtaining radial pro-
files after azimuthal integration.

Mathematical fitting of experimental data using the pro-
posed kinetic models was done by iteration, using a supervised
minimum square methodology. Details are included in ESI.†

3 Results
3.1 Reaction selectivity

SiNWs are grown through the thermocatalytic decomposition
of SiH4 in the presence of an aerosol of Au nanoparticles in a
flow-through reactor. The process is assumed to occur through
formation of liquid Au–Si eutectic nanoparticles, which upon

supersaturation lead to rapid growth of high aspect SiNWs
through the VLS mechanism, but floating in the gas stream.
For instance, in Fig. 2a–d we present details of the microstruc-
ture and composition of a freestanding sample of SiNWs pro-
duced at a SiH4:H2:N2 molar ratio of 2.2 : 62.2 : 35.6. Under
these conditions the samples have extremely high purity, con-
sisting almost entirely of SiNWs of large aspect ratios (up to
250), few kinks and virtually no contamination. The average
diameter of Au catalyst nanoparticles (21.1 ± 7.5 nm), located
at SiNW tips, closely matches the average nanowire diameter
(23.0 nm ± 7.1 nm) indicating that growth occurs through the
classic VLS mechanism without significant tapering. Apart
from this, in-depth TEM analysis (Fig. 2b and c) shows the
monocrystalline nature of such SiNWs, which predominantly
grow into the <110> direction. After the synthesis process,
once taken out of the FCCVD reactor and exposed to air, a
native oxide layer of approximately 1.5–2.5 nm is formed on
the nanowire surface.25 We note the distinctive yellowish
colour of this type of high-purity samples, as shown in the
inset of Fig. 2a.

The SiNW morphology and overall purity of materials syn-
thesised in this FCCVD mode depends on various synthesis
parameters, but in our exploration of parameter space so far,
we have observed a strong dependence on the molar fraction
of H2, N2 and SiH4. As an example, in Fig. 2e–h we show com-
positional information of a sample produced with a higher
SiH4 molar ratio and a lower H2 molar ratio (SiH4 : H2 : N2

molar ratio of approximately 2.7 : 54 : 43.3), but otherwise
under nominally identical synthesis conditions in terms of
catalyst concentration and size, reaction temperature and
pressure. Residence time is also similar, at 6.9 s and 8.4 s for
the samples in Fig. 2a and e, respectively. The second sample
has a dark brown colour and contains a high degree of impuri-
ties in addition to SiNWs. These impurities are irregular-
shaped particulates, either aggregated as clusters trapped
between the SiNWs network or coating the SiNW surface
(Fig. 2e). Indeed, we observe a substantial increase in apparent
nanowire diameter (44.0 nm ± 15.1 nm) in this sample, while
average size of Au seed nanoparticles remains at approximately
24.4 nm ± 6.8 nm. Via EDX analysis and selected area electron
diffraction (SAED) we find the impurities to be amorphous
silicon (a-Si) (Fig. 2f–g).

3.2 High-throughput screening of reaction selectivity

In order to study in detail the effect of synthesis parameters
on selectivity towards SiNW growth, we first developed a
method for rapid characterisation of samples. Sample colour
is clearly indicative of purity (Fig. 2 and 3): the brighter the
sample colour the less the a-Si contamination and therefore,
the higher the crystallinity. This is helpful for rough screening
of samples, but is not a direct measure of sample composition.
Instead, we use Raman spectroscopy, which combines
minimal sample preparation, fast measurement time and a
relatively large probe size (around 3 microns). Indeed, Raman
spectroscopy is a common choice for rapid analysis and more
recently for autonomous research systems.26
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Fig. 2 Two distinct FCCVD-grown SiNW samples are presented. Sample A (a–d) which has been produced at a SiH4 : H2 : N2 molar ratio of approxi-
mately 2.2 : 62.2 : 35.6, respectively, and sample B (e–h) which has been produced at a SiH4:H2:N2 molar ratio of approximately 2.7 : 54 : 43.3,
respectively. (a) and (e) show low magnification SEM micrographs and insets of respective complete samples (scale bar equals 1 cm). While sample A
has a yellowish tone and a pristine network of SiNWs where Au seed particles are easily spotted, sample B is dark brown and SiNWs are heavily pol-
luted with almost no visible Au nanoparticles. (b) and (f ) are high resolution TEM micrographs with insets of respective EDX profiles showing Si
content. We also present corresponding SAED patterns in (c) and (g). Sample A consists of clean and monocrystalline SiNWs. In contrast, sample B
features crystalline SiNWs that are heavily contaminated with a-Si which is underlined by the combination of amorphous rings and crystalline inter-
ference points in the SAED pattern (g).( d) and (h) show normalized Raman spectra of sample A and B including deconvoluted peaks.

Fig. 3 Crystallinity is plotted against H2 molar fraction and SiH4 molar fraction for various FCCVD-grown samples. Colour coding of data points is
maintained throughout Fig. 3, 4 and Fig. S4† in order to simplify tracking of individual experiments on the various presented plot formats. Insets
highlight respective sample colours.
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The compositional difference between SiNW samples are
clearly visible in their Raman spectra. The spectrum for the
high purity sample (Fig. 2d) has a sharp peak corresponding
to the 1st order TO phonon of crystalline Si (c-Si), a small peak
at 483 cm−1 found in SiNWs27 (Fig. S1†), and a very weak peak
at 496 cm−1 corresponding to the 1st order TO phonon of a-Si
(Fig. S1†). The same three peaks are also present in the low
purity sample (Fig. 2h), however, the a-Si peak is significantly
more pronounced. The higher abundance of a-Si is in line with
SEM and TEM analysis.

We found a direct correlation between the relative intensity
of the Raman peaks for a-Si and c-Si, and the overall sample
purity determined by electron microscopy (Fig. S2†).
Furthermore, because the impurities produced in this temp-
erature range are amorphous, a Raman-derived nanowire
purity can be obtained which is directly correlated with crystal-
line mass fraction, (Fig. S6†).28 Hence, sample crystallinity
(purity) can be quantitatively determined from the Raman
spectra, calculated for example as:

C ¼ 100
Ic‐Si

Ia‐Si þ α� Ic‐Si

� �
ð1Þ

where Ia-Si is the normalized peak intensity of the 1st order TO
phonon of a-Si, Ic-Si the normalized peak intensity of the 1st
order TO phonon of c-Si and α a weighting factor derived from
XRD measurements.

Very importantly, this crystallinity parameter C is indicative
of the selectivity of the FCCVD reaction. Since the weighted
Raman intensities are proportional to the mass fraction of the
different phases (Fig. S6†), C is equivalent to the fraction of
material synthesised through growth catalysed by Au.‡

The approach is demonstrated in Fig. 3. It shows the crystal-
linity and colour of SiNW samples produced at different
SiH4 : H2 : N2 molar fractions plotted against C. Crystallinity
increases with a higher content of H2 and a lower content of
SiH4, reaching a plateau at approximately 98% C. This is con-
sistent with SEM analysis of the samples, presented in
Fig. S2,† although above C̄ = 93% a-Si cannot be detected by
SEM.

3.3 Mapping SiNW growth

Equipped with gravimetric measurements and a crystallinity
metric we then study the envelope of conversion and selectivity
of the reaction as a function of the composition of the gas
mix. Here, we consider conversion as the mass ratio of input
SiH4 over collected SiNWs, ignoring possible losses to the
reactor walls or through the vacuum system. Effectively, this
represents a lower bound for the actual conversion of the

FCCVD reaction, but nevertheless reflecting the dependence
on gas composition of interest for this study.

A large space of synthesis conditions was found to lead to
successful growth of samples with predominantly SiNWs. The
most relevant to understand the relation between selectivity
and conversion are summarised in Fig. 4. The colour codes
represent different experimental sets, for example, at constant
total gas flow rate (yellow spheres), constant flow rate of hydro-
gen and nitrogen gas (green spheres), or constant molar ratio
of SiH4/H2 (red spheres).

Fig. 4a presents a plot of crystallinity for different molar
fractions of SiH4 and H2 (the remaining fraction is N2). It
shows that conditions leading to high crystallinity correspond
to a low SiH4 concentration and/or high H2 content. For
instance, high crystallinity of above 95% is only achieved for
SiH4 molar fractions below 2%, and requiring between 34%
and 64% H2. In other words, selectivity is favoured under
dilute conditions in hydrogen.

Fig. 4b presents the conversion data for the same reaction
conditions. The data follow the opposite behaviour.
Conversion increases with increasing SiH4 molar fraction,
which is expected, but H2 has also a strong effect. The yellow
datapoints, for example, show that replacement of H2 with N2

at constant SiH4 molar fraction increases conversion from
0.13% to 0.56%.

The balance between crystallinity and conversion is more
clearly observed in Fig. 4c. It shows a clear drop in crystallinity
with increasing conversion, with the data falling on an expo-
nential decay curve. The curve represents the limits of conver-
sion and selectivity for different combinations of SiH4 : H2 : N2

fractions. Its absolute values depend on specific details of the
synthesis reactor, but the trend is inherent to the FCCVD
reaction.

Given the observed dependence of the reaction on the frac-
tions of both SiH4 and H2, it is insightful to analyse a plot of
conversion against the molar ratio of SiH4/H2, as shown in
Fig. 4d. In this representation the values of crystallinity define
areas in the two-dimensional graph. For example, the region of
crystallinity above 88% stretches up to a conversion of approxi-
mately 0.25% and corresponds to a low SiH4/H2 ratio.
Conversely, a high SiH4/H2 ratio increases conversion almost
linearly to 0.6%, but reduces crystallinity below 70%.

4 Discussion

The results in the preceding section show that the selectivity
and conversion are controlled by the ratio of SiH4/H2. Higher
dilution favours growth of crystalline SiNWs, but hydrogen is
required for the reaction. In its absence, virtually only a-Si
nanoparticles are formed (Fig. S6†).

Solid silicon is a stable product of the FCCVD reaction; it
has a lower chemical potential μsolid than silicon as a gas and
than the eutectic with Au.30 This thermodynamic product can
be formed via two different mechanisms: VLS or vapor–solid
(VS) growth. The VLS route is catalysed by gold and leads to

‡This assignation is valid for all synthesis experiments shown in the manu-
script, performed at 650 °C and 900 mbar. Impurities in these samples – if
present – were always a-Si of similar morphology to that shown in Fig. 2e–h. At
around 720 °C and 900 mbar, the reaction also produced non-catalysed crystal-
line particulates (see ESI Fig. S3†), in agreement with the threshold found in par-
ticle formation studies on silane pyrolisis.29
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growth of crystalline NWs, with the lower activation energy
(reported to be between 17.5–22 kJ mol−1).31,32

The main competing mechanism is non-catalyzed for-
mation of solid Si through direct deposition as particulates or
a coating on nascent nanowires. The corresponding activation
energy is reported to be 29–38 kJ mol−1 and thus higher than
what is required in the first step of VLS growth. The selectivity
of the process could potentially be affected by hydrogenation/
passivation of active surfaces at SiNWs and a-Si particles in the
presence of H2 gas, which could change the activation energy
for the catalysed and non-catalysed reactions33,34 and thus
favour one of the products. This is unlikely though. The small
SiH4/H2 molar ratios used in our study imply that both the
catalyst and nascent NWs are essentially in a H2-rich atmo-
sphere for all reaction conditions.

Instead, the selectivity of the process is controlled by the
effect of hydrogen on the kinetics of the two reactions. And its
effect is particularly prominent because of the high collision
rate between SiHx molecules compared to the rate of arrival on
Au catalyst nanoparticles.

For both the VLS and VS routes, the conversion of SiH4 into
solid Si occurs through silane derivates. As a product of the
reaction, hydrogen is known to affect the reversible decompo-
sition reactions of SiH4 into silane derivates:35

SiH4ðgÞ Ð SiH2ðgÞ þH2ðgÞ Ð
SixHy

H2
::: ð2Þ

We expect that early derivates can take part in the VLS
route, for example via further decomposition at the Au catalyst

Fig. 4 Envelope of selectivity and conversion for SiNW growth by FCCVD under different molar fractions of precursor and other gases. (a) Plot of
crystallinity against H2 molar fraction and SiH4 molar fraction for all relevant experiments. (b) Silane conversion against H2 molar fraction and SiH4

molar fraction. (c) Relation between crystallinity and conversion, showing an exponential decay in crystallinity with increasing conversion. (d) Map of
conversion and crystallinity for different molar ratios of SiH4/H2, showing that both dilution and the presence of H2 are required for growth of
SiNWs.
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particle. In contrast, non-catalysed formation of solid Si from
silane pyrolisis is likely to require late derivates. They form via
silane pyrolysis by undergoing a series of polymerization
reactions29,36,37 which release hydrogen. Therefore, based on Le
Chatelier’s principle, higher hydrogen availabilty is expected to
reduce reaction rate. Indeed, the kinetic constants reported for
non-catalised formation of nanoparticles are a factor of 2 lower for
early reaction times (conversions between 3–35%) than for later
reaction conditions (conversion between 39–75%).35 Thus, the role
of hydrogen in the selectivity of the process is in avoiding the VS
route through suppression of extended SiH4 decomposition. This
is schematically shown in reaction (3), where multiple lines indi-
cate enhanced reaction pathways:

ð3Þ

If selectivity is governed by the suppression of a-Si, this
implies that the reaction conditions leading to an increase in
conversion simply produce more a-Si in addition to SiNWs.
This is indeed the case. From electron microscopy analysis of
samples covering a wide range of crystallinity and reaction con-
version values we find the number density of SiNWs to remain
fairly constant (Fig. S4d†). This is a consequence of the catalyst
activity being close to 100% and largely independent of SiH4/
H2 ratio (see ESI†).

4.1 Kinetic model

The proposed control over reaction selectivity and conversion
can be related to the experimental results through a simplified
model of the kinetics of the two reactions occurring in the
FCCVD process.

In order to simplify the problem and constrain its math-
ematical complexity the following assumptions are made:

(a) The experimental reactor is well described by the plug
flow reactor model, i.e. there is perfect mixing in the radial
direction but no mixing along the axial direction.

(b) The reactor is considered isothermal, equal to the set-
point of the furnace.

(c) The reaction goes to completion until exhaustion of
silane. This is supported by kinetic estimation showing that
even in the case of inhibited reaction, more than 99% percent
of the reaction is over after the first 0.5 s. In contrast, the lower
bound of residence time in the reactor is about 5 s.

(d) The losses to the reactor walls or formation of side-
products, such as sub-2 nm clusters,37 do not affect the ratio
of the two primary measurable products i.e. nanowires and
amorphous nanoparticles which are described by eqn (1) and
expressed as a function of mass in eqn (5)

Under these assumptions, the rate of disappearance of
silane is equal to the sum of the rate of formation of nano-
particles and nanowires:

d½SiH4�
dt

¼ �rnp � rnw ð4Þ

Then crystallinity C can be obtained by solving the follow-
ing equation:

C ¼ mnw

mnw þmnp
� 100%¼̂

Ð t
0 rnwdtÐ t

0 rnwdtþ
Ð t
0 rnpdt

� 100% ð5Þ

The upper bound t of the integral is until completion based
on the assumption in (c).

A very approximate expression to describe the growth rate of
silicon nanowires is reported in the literature for synthesis cat-
alysed by Au nanoparticles supported on a substrate.38 It
relates longitudinal growth velocity (vnw, in nm) to silane
molar fraction (xSiH4,percentage), total pressure (Ptot, in mbar)
and temperature (T, in K) by:

vnw ¼ 1:7� 106 Ptot � xSiH4

100

� �
e

�9500
Tð Þ ð6Þ

It follows that the mass production rate of nanowires (ṁnw)
is given by multiplying its linear growth velocity vnw times its
cross sectional area, times the total number of nanowires Nonw
and density of silicon ρ:

rnw ¼ dmnw

dt
¼ ṁnw ¼ ρ� vnw π� dp2

nw

4

� �
Nonw � ηFCCVD ð7Þ

where dpnw is the diameter of the nanowire. ηFCCVD is a
process-specific enhancement factor for FCCVD growth, whose
value is obtained from fitting the experimental data.

However, eqn (6) and (7) predict indefinite growth with
increasing precursor availability, which is adequate to describe
growth for substrate CVD under low pressure (<1.6 mbar, equi-
valent to around 0.18 silane molar ratio). In the synthesis of
1D nanomaterials by FCCVD growth rate is exceptionally
fast, between approx. 1 μs−1 for nanowires and 100 000 μs−1 for
nanotubes, and may thus be limited by other factors. Indeed,
we find that SiNW aspect ratio is very high for all synthesis
conditions and has a very weak dependence on hydrogen con-
centration (Fig. S4†). Therefore, eqn (7) is valid up to a silane
saturation concentration [SiH4]sat.

The nanoparticle formation rate is taken as the kinetics of
homogeneous nucleation from Hogness et al.,39 who derived
this kinetic expression and constant based on pressure
changes in a reactor fed with high purity silane.

rnp ¼ dmnp

dt
¼ khom � ½SiH4�1 ð8Þ

where

khom ¼ 2� 1013 � e
�51700 calmol�1 K�1

RTð Þ ð9Þ
Eqn (4) and (9) have been succesfully used in studies of

competing reactions during nanoparticle growth,34 but not
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under variable hydrogen concentration. This can be included
in the model by considering a simple silicon nanoparticles for-
mation mechanism following the reaction:

SiH4ðgÞ Ð
k1

k3
H2ðgÞ þ SiH*

2ðgÞ �!
k2 Sinp ð10Þ

And thus

rnp ¼ d mSinp

� �
dt

¼ k2½SiH*
2� ð11Þ

However, this expression is a function of the concentration
of the silylene radical ½SiH*

2�, which is not known and very
difficult to measure due to its high reactivity and transient
nature. Therefore, we reformulate the rate expression of silicon
nanoparticle synthesis as a function of more easily measurable
variables. The first step is to formulate the rate of formation of
the silylene intermediate ½SiH*

2�, which is given by:

r½SiH*
2� ¼

d½SiH*
2�

dt
¼ k1½SiH4� � k3½SiH*

2�½H2� � k2½SiH*
2� ð12Þ

Using the pseudo steady state hypothesis, which assumes
that the intermediate radical SiH*

2 is consumed as quickly as it
is generated and therefore its concentration remains constant
during the reaction, we obtain:

k1½SiH4� ¼ k3½SiH*
2�½H2� þ k2½SiH*

2� ð13Þ

solving for the silylene radical:

½SiH*
2� ¼

k1½SiH4�
k3½H2 þ k2� ð14Þ

substituting the results of eqn (14) in (11) we obtain an
expression for the inhibited formation of nanoparticles as a
function of silane and hydrogen.

rSinp ¼
k1½SiH4�

k3
k2

½H2� þ 1
ð15Þ

When no hydrogen is present this expression reduces the
case where the rate limiting step is the formation of
silylene.29,40

Through an iterative process, we use the growth rate eqn
(15), (7) and (4) to fit the experimental data for selectivity as a
function of precursor and hydrogen concentration, with three
unknown parameters: the factor related to supression of nano-
particle formation (k3/k2), the growth enhancement parameter
for FCCVD growth (ηFCCVD), and the silane saturation concen-
tration above which it does not limit growth rate([SiH4sat]). As
shown in Fig. 5, there is good agreement between the experi-
mental and calculated data (see supplementary video of 3D
plot). The mathematical description of inhibition of nano-
particles formation at higher hydrogen concentration is well
described by the homogeneous nucleation inhibition factor.
Similarly, the decline of nanowire presence at higher silane
concentration is in agreement with the proposed saturation
effect.

From the fitting, we obtain that the a-Si nanoparticle sup-
pression term is k3/k2 = 1.4 × 107 cm3 g−1. The only report
found on the kinetics of silane decomposition for nanoparticle
growth by White et al.35 has a large scatter in kinetic constants,
preventing a comparison with the value obtained in this work
but in qualitative agreement with our results. The nanowire
growth enhancement factor ηFCCVD = 25, which is a factor of 25
times higher than proposed for substrate-grown SiNWs.38 The
saturation precursor concentration [SiH4sat] gives 0.05% molar
ratio, which is equivalent to a collision rate with catalyst par-
ticles of 109 Si-atoms per s. This is 1/100th relative to the
diffusion of Si in a Si–Au eutectic liquid particle, thus, it is un-
likely that Si–Au diffusion is the rate limiting step in NW
growth, which is in agreement with observations on substrate-

Fig. 5 (a) Crystallinity predicted from mathematical model which includes the synthesis of nanoparticles with its hydrogen inhibition dependence
and the synthesis of silicon nanowires with a proposed silane transport limitation. (b) Simplified mechanistic pathway for the formation of NWs and
NPs. The effect of SiH4 and H2 is presented schematically. Higher SiH4 increases growth rate of both NWs and NPs, but NW growth rate plateaus at a
silane saturation concentration. Hydrogen does not seem to have any effect on NW growth rate but does inhibit NP formation.
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grown SiNWs31 Similarly, we note that under conditions of
nearly 100% growth of SiNWs, the ratio SiH4/hydrogen fraction
does not produce significant changes in aspect ratio. This
implies that the collision rate of silane, or its derivates, on the
catalyst, is not the main factor limiting SiNW length. In view
of these results, we expect that the limiting processes are
either precursor decomposition (including potential adsorp-
tion and reaction of precursor at the AuNP surface, and de-
sorption of byproducts) or the precipitation of the SiNW.

5 Conclusions

In conclusion, we show that continuous growth of SiNWs via
FCCVD is feasible over a large spectrum of process parameters,
with identified conditions leading to close to 100% overall
crystallinity. The silane-hydrogen–nitrogen fractions determine
the sample purity and conversion of the process, when all
other independent process parameters such as pressure, temp-
erature and catalyst nanoparticle size are held constant. A high
silane fraction and/or a low hydrogen fraction results in SiNWs
contaminated with a-Si, a product from competing non-cata-
lyzed side-reactions. For high-throughput studies, the volume
fraction of the two populations (SiNW and a-Si) can be quanti-
fied using Raman spectroscopy. This enables direct evaluation
of reaction selectivity amongst the Au-catalised and non-cata-
lyzed reaction paths, and their relation to overall conversion of
silane precursor into solid material. It is found that increased
conversion through a higher silane/hydrogen ratio occurs pre-
dominantly through production of more a-Si through direct
silane pyrolisis, reducing sample purity/crystallinity. Hydrogen
controls reaction selectivity by suppressing formation of a-Si,
most likely through inhibited decomposition of silane into
derivates that would otherwise polymerise into a-Si nano-
particles. In contrast, SiNW growth is not significantly affected
by the molar concentrations of precursor or hydrogen. This
indicates that under these FCCVD conditions, characterised by
high collision rate between precursor and catalyst, precursor
availability is not the factor limiting growth. These results and
the accompanying experimental observations are rationalised
with a kinetic model to describe the two dominant reaction
paths. The analytical model confirms the strong influence of
hydrogen gas on the reaction by shifting the reaction equili-
brium between silane and silane derivates and thus between
the catalized and non-catalized routes. Fitting of the experi-
mental data on conversion and selectivity provides three para-
meters of the process: a factor related to supression of nano-
particle formation (k3/k2), the growth enhancement parameter
for FCCVD growth (ηFCCVD), and the silane saturation concen-
tration ([SiH4sat]) above which growth rate is limited. Their
resulting values give reasonable orders of magnitude. Future
work should be directed at carrying out specific synthesis
experiments to determine these parameters.

Lastly, this work helps rationalise growth of highly pure
SiNWs by FCCVD and the competing processes to increase
throughput and sample purity. This aspect is important for

envisaged applications of SiNW networks, particularly as high-
performance lithium-ion batteries anode materials41–43 and
sensors.44
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Propagation of relevant Raman peaks at varying gas mixture ratios

Figure S1: Raman spectra for different SiNW samples showing the decreasing intensity and
upshift of the 1st order TO phonon of a-Si with increasing H2 concentration (orange stars)
in the synthesis reaction. Simultaneously, a SiNW specific vibration to the left of the a-Si
peak experiences an upshift and a generall decrease in relative intensity as well (blue stars).
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Correlation of SiNW contamination and crystallinity studied through

SEM.

Raman spectroscopy is extremely suitable for evaluating c-Si and a-Si content of SiNW

samples produced at 650◦C and 900mbar, as it is highly reproducible and fast as opposed

to other methods such as SEM image analysis, where c-Si and a-Si can only be vaguely

distinguished via contrast (also depending a lot on image quality), and TEM analysis, which

is extremely time consuming and may not represent average distribution. Nontheless, SEM

analysis of SiNW samples also support the Raman spectroscopy observations.

Figure S2: a) SiNWs that correspond to 55% C̄. b) SiNWs that correspond to 84% C̄. c)
SiNWs that correspond to 94% C̄.

In Fig. S2 we show SEM micrographs of SiNWs with different C̄ (55% C̄, 81% C̄ and

94% C̄ ). It is clear that the sample with 55% C̄ (Figure S2a) contains a larger amount

of impurities than the samples with 81 (Figure S2b) and 94% C̄ (Figure S2c). While a

small amount of impurities can be detected in the sample with 81% C̄, impurities cannot be

identified anymore in the sample with a respective crystallinity of 94%.

Fig. S2 also demonstrates that SiNWs with low C̄ usually feature a larger effective

average diameter due to significant radial a-Si loading.
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C-Si contamination on SiNWs

Figure S3: Above 720◦C, contamination coming from non-catalised SiH4 decomposition turns
crystalline. Figure a) and b) show SiNWs that have been grown at 750◦C. Morphology of the
contaminating c-Si seems to be smoother than what is usually observed in a-Si contamination.
Fig. c) shows the corresponding Raman spectrum where the intensity of the 1st order TO
phonon of a-Si (red curve) is relatively low considering the amount of contamination that
can clearly be seen in SEM analysis.
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SiNW sample info and mapping of diameter, length, aspect ratio

and number concentration

Figure S4: a) Plot of average diameter of SiNWs against H2 molar fraction and SiH4 molar
fraction for all relevant experiments. b) Plot of average length of SiNWs against H2 molar
fraction and SiH4 molar fraction for all relevant experiments. c) Plot of average aspect ratio
of SiNWs against H2 molar fraction and SiH4 molar fraction for all relevant experiments. d)
Plot of number concentration of SiNWs during gas phase synthesis against H2 molar fraction
and SiH4 molar fraction for all relevant experiments.
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Figure S5: Experimental details for all relevant experiments

Values marked with a star symbol (*) could not be measured due to insufficient amount

collected. Thus they were set to ”0”. (**) Without throughput the Number concentration

can not be calculated.

The diameter of AuNPs and SiNWs were measured from SEM pictures (image analysis

performed with ImageJ) of SiNW samples at a magnification factor of at least x50 000 in

order to ensure satisfactory resolution. For each sample, the SiNW diameter was obtained

by measuring at least 50 SiNWs. Regarding the given average AuNP diameter for specific

samples (see manuscript), at least 50 SiNW gold tips were measured with the exception of

highly contaminated samples. In the latter case AuNPs are very difficult to identify as the

6
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majority of AuNPs are covered by Si, which is why a minimum of 20 particles were measured

for highly contaminated samples.

The introduced average AuNP diameter, noted in the manuscript’s methods part, was

determined from SiNW samples with very high Crystallinity (C > 96.0%), in order to en-

sure that gold nanoparticles with relatively small dimensions were not missed during image

analysis. In this, the average AuNP diameter was obtained from 168 AuNP measurements

of 3 distinct high crystallinity samples. It is noted that all three samples were produced

at evaporation chamber standard conditions (carrier gas type: N2; carrier gas flow: 2slm;

temperature: approx. 1500◦C) that were held constant throughout all reported experiments

in order to ensure a constant initial AuNP distribution and a constant volumetric number

concentration.

With respect to measuring SiNW aspect ratios, the magnification used for the length

measurement varied depending on respective SiNW dimensions. In order to obtain average

aspect ratios, a minimum of 10 SiNWs per SiNW sample were analyzed on diameter and

length via image analysis of SEM images using ImageJ software. It is noted that SiNWs

were never exposed to any sonification (or else) to guarantee original SiNW length and

morphology, thus, fully intact SiNWs were identified. From our aspect ratio measurements,

we also extracted average SiNW length data for each sample (See figure S5).

7
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Catalyst activity

Catalyst activity (in terms of whether or not a catalyst particle catalyzes a nanowire) is

assumed to be close to 100% and is not significantly influenced by the gas mix ratio. Our

claim is based on the following observations:

1. During all experimental conditions that are reported, AuNPs have not been found on

SiNW sidewalls or isolated. Every identified AuNP came with a catalyzed SiNW.

2. The number concentration of SiNWs, meaning the number of SiNWs per cubic centime-

ter and therefore the number of active catalyst particles, remains surprisingly stable

throughout all reported experiments where gas mix ratio is greatly varied. To be more

specific, taking into account that 4 independent variables (average SiNW diameter,

Average SiNW aspect ratio, collected SiNW sample weight, total gas flow per minute

through reactor) must be considered in order to calculate the number concentration of

each sample, the average number concentration throughout all reported experiments

turned out to be astoundingly narrow with 8.98x106 ± 3.04x106.

3. As supported by Figure S4 d), no clear global trend can be identified with respect to

varying gas mix ratios.

8
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FCCVD without hydrogen

Figure S6: Structures were synthesized at a SiH4:N2 ratio of 1:1136 at 650◦C, 900mbar and
standard AuNP generation (see methods). The vast majority are particles.
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Methodology of determining crystallinity

In order to determine Raman-derived crystallinities reflecting mass fraction of the c-Si phase,

the procedure outlined in the work of Bustarret et al. was followed.1 Thus, it is necessary to

determine a weighting factor α, that adjusts Raman scattering of the a-Si phase relative to the

c-Si phase. By doing this, the respective volume fraction of each phase is obtained. However,

since density of a-Si and c-Si differs by less than 2%, the volume fraction is virtually equal

to mass fraction. The weighting factor α can be determined by measuring the crystallite

size L through WAXS measurements, using the Scherrer equation2 and applying it to the

following equation1 taken from Bustarret et al.:

α(L) = 0.1 + e−
L
250 (1)

Thus, we chose 4 distinct SiNW samples that significantly differ in apparent amount

of impurities (see S7b) and perfomed WAXS measurements. The respective XRD patterns

(background subtracted and normalized) are presented in Fig. S7a. From these we could

extract an average crystallite size of 18.6nm ±2.3nm which resulted in α=0.58.

Additionally, the WAXS profiles shown in Fig. S7a can also be used to determine the

degree of crystallinity D̄, a qualitative measure of the c-Si ratio. In this, the area of all first

order c-Si peaks are summed yielding Sic 1st and evaluated against scattering intensity of

the first order a-Si peak Sia 1st as follows:

D̄ = 100 · ( Sic 1st

Sia 1st + Sic 1st
) (2)

Table S1 lists obtained D̄- and C̄ -values for the four samples and Fig. S7c displays a

plot of D̄-values against corresponding C̄ -values. This data can then be fitted resulting in

a linear fit curve with a slope of 0.79. Since this value is relatively close to 1, we recognize

that D̄-values serve as a good estimate for mass fractions of c-Si in mixed phases.

10
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Table S1: Comparison of XRD- and Raman-derived crystallinities for 4 distinct SiNW sam-
ples that significantly differ in crystallinity.

XRD-derived C̄ (%) Raman-derived C̄ (%)
Sample A 98.14 96.57
Sample B 87.86 90.09
Sample C 65.79 71.30
Sample D 44.81 55.42

Figure S7: a)Background subtracted and normalized WAXS profiles of 4 different SiNW
samples that differ significantly in Raman-derived crystallinity. These four samples are the
ones which are colourized black, green, red and blue in figure b). Figure c) shows Raman-
derived C̄ -values and XRD-derived D̄-values for the same SiNW samples plotted against
each other. This data can be fitted, resulting in a linear fit curve with a slope of 0.79.

11
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Approach to obtain fitting parameters in kinetic model

A supervised algorithm has been implemented to solve equation 5 in the main manuscript

based on the independent variables of the experimental data. The results are then compared

vs the experimentally determined crystallinity. The difference between predicted and exper-

imental crystallinity squared gives the error squared of a single data point. By summing all

of these square errors, a total error square value for a given combination of fitting parameters

(ηFCCV D,
k3
k2
, [SiH4sat]) can be extracted. By scanning through wide ranges of a single fitting

value systematically, a local minimum can be found. The absolute minimum is obtained by

employing a supervised methodology that scanns through all 3 fitting parameters iteratively,

an approach that is graphically shown in Figure S9.

Mathematically, the minimum squares approach has the following form

S =
∑

(C̄iexperimental − C̄model)
2 (3)

where S is the sum of square error, C̄iexperimental is the experimentally determined crys-

tallinity for i condition, and C̄model is the crystallinity predicted by the model for the same

conditions. In the present study, each crystallinity value is a function of the following

C̄iexperimental = f([SiH4], [H2]) (4)

C̄model = f([SiH4], [H2], ηFCCV D,
k3
k2

, [SiH4]sat) (5)

The solution is found when the minimum of the function S is found by systematically

scanning through the fitting parameters. ηFCCV D,
k3
k2
, [SiH4]sat by using a supervised con-

vergence approach as shown in Figure S8
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Figure S8: a) Explanatory figure that shows the Summation of square error for different
sets of fitting parameters. For a) enhancement factor is kept constant and k H2 inhibition
parameters are scanned for different saturation concentrations. For b) saturation concentra-
tion is kept constant while k H2 inhibition is scanned through for several times enhancement
factors. Convergence is achieved by obtaining the minima in the 2-D plots and then selecting
the minima values as the constant parameter for the next iteration. The global minimum
is obtained once further optimization iterations do not change the numerical values of the
fitting parameters.

Model for estimating total nanowire length

Figure S9 shows the predicted length of the nanowires given the initial conditions of hydrogen

and silane concentration. The numerical value is obtained by using the following expression

lengthnw =

∫
t

0 vnwdt (6)

where eq. S 6 is solved coupled with eq. 4 from the main manuscript. The total

aerosol concentration used to solve this equation is by following assumption d) where wall

effects are neglected. By using a mass balance between precursor and produced nanowires,

a concentration of around 3 *109 is obtained and used for the calculation of Figure S9

13
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Figure S9: Predicted nanowire length based on the solution of the coupled kinetic model
from the main manuscript. The total length is obtained by integrating nanowire growth
velocity with respect to time until achieving full conversion in the reaction.
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Comparative exercise of two rate processes relevant for NW syn-

thesis

The implications of having a saturation effect means that the velocity of silicon incorpo-

ration from silane into silicon nanowires might be slowed down at the catalyst or at the

crystallization in the nanowire. Figure S10 shows a preliminary calculation of the velocity

of silicon atoms arrival from the gas phase as compared to saturation of silicon in gold,

and the reported diffusion of silicon in gold at 650°C, with a diffusion coefficient of about

5.63184∗10−11 m2/s .3 Figure S10 shows that collision frequency is a directly correlated with

silane concentration. It also shows an estimate of the maximum transport capability of a

single gold catalyst nanoparticle. The saturation limit is obtained by the intersection of both

the diffusion and the collision frequency functions. An estimation of such saturation point is

given in Figure S S10. There, the saturation from transport is considered to be around 6%

silane molar ratio. Since the converged value of the saturation concentration obtained via eq

S 3 is 0.05% silane. This suggests that diffusion of silicon through the gold catalyst might

not be the rate limiting step, in agreement with reports.4 This leaves crystallization rate

and gas to liquid transport as potential responsible to be the rate limiting step in nanowire

growth.
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Figure S10: a) Comparison of collision frequency and diffusion capacity for one single nan-
particle of gold catalyst. Collision frequency dominates up to about 6% silane molar ratio
at the experimental conditions and above this diffusion of silicon through the catalyst dom-
inates
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Figure S1 

 

 

 

 
 
Figure S1. Microscopic characterization of the Si NW/C fabrics with SEM at various 
magnifications: 15k X (a), 35k X (b), and 50k X (c)  and their corresponding images (a‘, b‘, and 
c‘) taken via Circular Backscatter (CBS) detector. In the CBS images the silicon nanowires 
can be clearly distingushed as the core in the Si NW/C samples. The image analysis results 
can be seen in Figure 2a.  
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Figure S2 

 
 

 
Figure S2. (a, b) High-resolution TEM images of the Si NW/C fabrics at various 
magnifications along with the corresponding FFT pattern (c). (d) High-angle annular dark-
field scanning transmission electron (HAADF-STM) micrograph of the Si NW/C samples as 
well as the corresponding mappings for C (e) and Si (f) elements.  
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Figure S3 

 

 
Figure S3. TGA profiles of the pristine Si NW and the C coated (Si NW/C) samples at air. 
The C content of the Si NW/C sample can be estimated using the integrated area under the 
derivative curve.  
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Figure S4 

 
 

 
Figure S4. Cross section SEM images of the Si NW/C sample along with the C content 
through the sample thickness obtained from EDS analyses. A typical EDS profile is shown in 
the bottom panel. 
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Figure S5 

 

 
Figure S5. Rate performance of the Si NW/C samples with various C contents from C/20 to 
2C. 
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Figure S6 

 
 

 
Figure S6. SEM images of three different Si NW/C samples with different morphological 
aspects obtained via changing the H2/SiH4 ratio during the FCCVD synthesis: Sample A: 
H2/SiH4 = 31, average diameter (Ø) of 27±10 nm and an aspect ratio (AR) of 191; Sample B: 
H2/SiH4 = 20, Ø = 44±15 nm and AR = 179, and Sample C: H2/SiH4 = 16, Ø = 61.4 ± 28.6 
nm with an AR = 118. The right panel images are comparable to those of the left sbut 
recorded with CBS detector. 
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Figure S7 

 
 

 
 
Figure S7. The Li storage properties of the samples A-C with different constituent SiNWs, 
shown in Figure S6: (a) the evolution of the diameter and aspect ratio (AR) of the Si NWs. (b) 
The first voltage-capacity profile and (c) the cycling properties of the samples. In panel C, the 
first 4 cycles were recorded at C/20 and the rest at C/3. 
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Figure S8 

 

 
Figure S8. Voltage-capacity profiles of (a) pristine Si NW fabric and (b) C coated Si NW 
fabric (Si NW/C) at a c-rate of C/20 during the first two cycles. (c) Comparison of the rate 
performance of the electrodes at various c-rates (1C = 3579 mA g-1) and (d) polarization of 
the cells with pristine and C coated Si NW fabrics as function of discharging rate.  
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Figure S9 

 

 
 
 
Figure S9. Optical image of a >2000 micron-thick freestanding sample made entirely of Si 
NWs through FCCVD technique.  
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Figure S10 

 
 

 
 
 
Figure S10. Cycling stability of the Si NW/C fabric electrodes (a) at C/5 over 250 cycles in 
the range from 1.5V to 0.01V (full-discharge) and (b) at C/2 over 300 cycles at DoD of 80% 
(voltage range of 1.5V to 0.15V).  
 
 
  

Annex 4 - Article III 180



  

12 
 

Figure S11 

 
 
 

 
Figure S11. Post-mortem morphological analysis of the Si NW/C fabric electrodes after 30 
cycles (a) and the corresponding CBS image (b).  
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Table S1. Fitting parameters obtained from analysis of the rate data via a semi-empirical 
model introduced in Ref. [23].  
 

Si NW mass loading [mg cm-2] QM [mAh/g] ꞇ [sec] n 
0.372 3400 689.5 0.62 
0.716 3022 960.7 0.72 
1.126 3214 997.4 0.68 
2.180 3256 1711.4 0.69 
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Table S2. Comparison of the Li storage capability of Si NW/C fabrics over long cycling with those of 
previously reported in the literature for Si NW electrodes listed based on slurry or non-slurry based 
electrode fabrication routes. 
 
Sample Si mass loading [mg cm-2] Specific Current 

[A g-1] 
Cycles, n Qsp. @ n 

cycles 
Year-Ref  

Si NW/C fabric 0.7 0.70 100 2300 This work 
Si NW/C fabric  0.9 1.79 500 970 This work 

Non-Slurry Based Electrodes 
am-C coated SiNW n/a 0.15 40 1326 2009 [S1] 
Cu-coated SiNW 0.6 0.2 30 2138 2011 [S2] 
Al-coated SiNW 0.33 0.4 100 1300 2012 [S3] 
Sn-coated SiNW 0.32 0.4 100 1865 2014 [S4] 
Al2O3-coated SiNW n/a 0.25 30 2760 2018 [S5] 
SiNW/SnO2 1.5 0.4 100 1200 2016 [S6] 
TiO2-coated SiNW 0.15 0.4 100 1062 2013 [S7] 
PEDOT-coated SiNW 0.3 0.84 100 2510 2012 [S8] 
SiNP-decorated SiNW 1.5 0.8 30 1600 2011 [S9] 
TiN-coated SiNW 0.16 0.4 100 1566 2013 [S10] 
Si/CuSi 1.6 0.716 100 1644 2021 [S11] 

Slurry Based Electrodes 
B-doped SiNW 0.3 2 250 2000 2012 [S12] 
As-doped SiNW 0.3 0.3 15 1176 2019 [S13] 
SiNW@G@rGO n/a 2.1 100 1600 2013 [S14] 
SiNW/MWCNTs 1 0.24 100 1695 2018 [S15] 
Graphene-coated SiNW-SiC 1.5 1.33 500 1650 2013 [S16] 
hydrid-terminated SiNW n/a n/a 15 2348 2011 [S17] 
SiOx-coated SiNW n/a 0.8 560 1503 2015 [S18] 
SiNW/PDMS 0.8 1.5 350 620 2015 [S19] 
SiNW 1.1 2.1 500 714 2017 [S0] 
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