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Abstract

The present thesis is concerned with the use of ultrasound for the treatment of
liquid silanes with the objective of fabricating solution-processable inks containing
silicon hydride polymers and silicon nanoparticles. Also demonstrated is the sub-
sequent use of the inks to deposit semiconducting hydrogenated amorphous silicon
(a-Si:H) thin films and for fabricating passivation layers and thin-film photovoltaic

devices.

The sonochemical effects of ultrasound on two lower silanes, namely cyclopentas-
ilane (SizHyg) and trisilane (SizHg) were studied. The processing of the silanes was
carried out in the inert Ny-atmosphere and in solution using cyclooctane (CgHyg)

as solvent at ambient pressure, and at temperatures between —15-70°C.

Using cyclopentasilane as monomer molecule it was shown via size exclusion
chromatography and optical transmission measurements that sonication of 8-
15 wt% solutions results in ring-opening polymerization without the need to use
ultraviolet light. In addition, through comparisons to purely thermally treated
solutions it was demonstrated that the polymerization process is not initiated pyro-
lytically due to the “macroscopic”’ temperature of the solution itself, but rather that
microscopic effects associated with acoustic cavitation are most likely responsible
for triggering polymer growth.

The sonication of trisilane solutions was found to result in the production of two
primary silicon-containing species. Firstly, using gas chromatography-mass spec-
trometry it was shown that ultrasonic treatment produced higher order branched
and linear silanes from tetrasilane (SiyH;g) to octasilane (SigH;g). Secondly, ultra-

sound was found to produce silicon nanoparticles. Electron microscopy techniques
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(SEM, TEM, and STEM) were used to acquire images of the particles and demon-
strate size variability in the range ca. 1.5-50nm via variation of the sonication
conditions. Spectroscopic techniques such as Fourier transform infrared spectro-
scopy, Raman scattering, and x-ray photoelectron spectroscopy were used to as-
certain that the particles are amorphous, hydrogenated, unoxidised and composed
of solely of hydrogen and silicon. It was additionally revealed that irradiation of
sonicated trisilane solutions with ultraviolet light produces useful amounts of a

branched higher silicon hydride polymer.

The resulting solutions prepared from both cyclopentasilane and trisilane were
subsequently used to deposit a-Si:H thin films. The optoelectronic and morpho-
logical properties of the layers, such as photosensitivity and microstructure, were
improved via post-depositional hot-wire hydrogen radical treatment. Using inks
derived from trisilane, layers deposited via spin coating and atmospheric-pressure
chemical vapour deposition (APCVD) were implemented as intrinsic absorber lay-
ers in n-i-p type thin-film solar cells exhibiting efficiencies of 0.49 % and 3.41 %,
respectively. Furthermore, APCVD films were used as surface defect passivation
layers on both sides of a crystalline silicon wafer resulting in effective minority

carrier lifetimes exceeding 400 ps.



Kurzfassung

Die vorliegende Arbeit beschéftigt sich mit der Verwendung von Ultraschall zur
Behandlung von fliissigen Silanen mit dem Ziel, 16sungsverarbeitbare Tinten beste-
hend aus Siliziumhydridpolymeren und Silizium-Nanopartikeln herzustellen. Dar-
iiber hinaus wird die nachfolgende Verwendung solcher Tinten fiir die Abscheidung
von Halbleiter-Diinnschichten aus hydrogeniertem amorphen Silizium (a-Si:H) und
die Herstellung von Passivierungsschichten und Diinnschichtsolarzellen demon-

striert.

Die sonochemische Wirkung von Ultraschall auf zwei niedere Silane, nament-
lich Cyclopentasilan (SizH;q) und Trisilan (SigHg) wurden untersucht. Die Verar-
beitung der Silane wurde in inerter Nyo-Atmosphére bei Umgebungsdruck unter
Verwendung von Cyclooctan (CgHyg) als Losungsmittel und bei Temperaturen
zwischen —15-70°C durchgefiihrt.

Mit Cyclopentasilan als Monomermolekiil wurde durch optische Transmissions-
messungen und Gel-Permeations-Chromatographie gezeigt, dass die Beschallung
von 8-15Gew %en Losungen zu einer ringéffnenden Polymerisation fithrt. Dieser
Prozess ist ohne zusétzliches ultraviolettes Licht moglich. Dariiber hinaus wird
durch Vergleiche mit rein thermisch behandelten Losungen nachgewiesen, dass die
Polymerisation nicht pyrolytisch aufgrund der “makroskopischen” Temperatur der
Losung selbst ausgelost wird. Vielmehr ist das Polymerwachstum wahrscheinlich
durch einen mikroskopischen Effekt - der akustischen Kavitation - zu erklaren.

Es wurde festgestellt, dass die Beschallung von Trisilanlésungen zur Herstellung
von zwei priméren siliziumhaltigen Spezies fithrt. Erstens wird mittels Gaschro-
matographie mit Massenspektrometrie-Kopplung gezeigt, dass die Ultraschallbe-
handlung verzweigte und lineare Silane hoherer Ordnung von Tetrasilan (SigH;)
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bis zu Octasilan (SigH;g) erzeugt. Zweitens wurde festgestellt, dass die Ultraschall-
behandlung zur Bildung von Silizium-Nanopartikeln fiithrt. Elektronenmikroskopie
(REM, TEM und STEM) wurde verwendet, um Abbildungen der Partikel aufzu-
nehmen. Hiermit konnte gezeigt werden, dass eine Variation der Beschallungsbe-
dingungen zu Partikeln mit einstellbaren Grofen im Bereich von ca. 1,5-50 nm
fiihrt. Spektroskopische Methoden wie Fourier-Transform-Infrarotspektroskopie,
Raman-Streuung und Réntgenphotoelektronenspektroskopie wurden genutzt, um
zu zeigen, dass die Nanopartikel amorph, hydriert, nicht oxidiert und nur aus Was-
serstoff und Silizium bestehen. Es wurde zusétzlich gezeigt, dass die Bestrahlung
mit ultraviolettem Licht von mit Ultraschall behandelten Trisilanlosungen niitzli-

che Mengen eines verzweigten hoheren Siliziumhydridpolymers erzeugt.

Die verschiedenen Losungen, die sowohl aus Cyclopentasilan als auch Trisilan
hergestellt wurden, wurden anschlieftend zur Abscheidung von a-Si:H Diinnschich-
ten verwendet. Die optoelektronischen und morphologischen Eigenschaften der
Schichten, wie Lichtempfindlichkeit und Mikrostruktur, wurden durch Heifidraht-
Radikalbehandlung verbessert. Insbesondere konnten aus Trisilan hergestellte Tin-
ten verwendet werden, um sowohl mittels Rotationsbeschichtung als auch chemi-
scher Gasphasenabscheidung bei Atmosphérendruck (APCVD) intrinsische Ab-
sorberschichten fiir nip-Typ Si-Diinnschichtsolarzellen herzustellen. Diese Solar-
zellen erreichten Wirkungsgrade von 0,49 % bzw. 3,41 %. Dariiber hinaus wurden
APCVD-Schichten als Passivierungsschichten fiir Oberflachendefekte auf beiden
Seiten eines kristallinen Siliziumwafers verwendet, welche zu effektiven Minoritét-

ladungstriagerlebensdauern von mehr als 400 ps fiihrte.
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Chapter 1

Introduction

After oxygen, silicon is the second most abundant element in the Earth’s crust,
where it predominantly occurs as silicates in sand and rock. It is also found in
countless man-made materials such as ceramics, glass, and silicones. However, of
all its uses it is in its elemental form that silicon has made its greatest impact on
modern society. After decades of intense scientific study and industrialisation sil-
icon is now without a doubt the quintessential semiconductor and is indispensable
in most electronic devices. As a result, silicon has become ubiquitous in our daily
lives: from being the light absorber material in the solar cells powering our pocket
calculators and homes, to its total pre-eminence in the field of computing—from
transistor to display. In recent years silicon has also gained relevance in nanotech-
nology, where silicon nanoparticles have been applied as the basis of alternative
anode materials in lithium-ion batteries [1-4], as luminescent markers and drug
carriers in biomedical and cancer research [5-7], as well as in more fundamental

work such as photoluminescence and quantum confinement studies [8-11].

Conventional manufacturing technologies based on processes involving silicon in
its gaseous or solid states have been around for several decades and are by now
well established. The liquid phase processing of silicon at ambient temperatures
and pressures, however, is relatively new. Although silicon hydride compounds
(otherwise known as silanes) have a rich and long-standing history beginning in
the 1850’s, it was not until 2006 that Shimoda and co-workers demonstrated that
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a liquid silane, namely cyclopentasilane (SizH;g), could be used to fabricate thin-
film transistors via solution-processing methods such as spin coating and inkjet
printing [12]. In the intervening decade the Shimoda group and a number of other
groups that quickly followed suit have not only applied different solution-processing
techniques, but also different precursor molecules to fabricate, i.a. thin-film solar
cells [13-15], thin-film transistors [16-18], surface passivation layers for c-Si wafers
[19, 20], and patterned films via imprinting [21].

Some of the major disadvantages associated with the solution-processed silicon
thin films demonstrated up to now, however, are the high cost and scant com-
mercial availability of the precursor monomers. In addition, the syntheses are
usually carried out in small laboratory-scale batches (~ 50g or less) where the
production of solar-grade or semiconductor-grade material remains a laborious
task. Moreover, certain multi-step monomer synthesis routes, such as that of cyc-
lopentasilane have poor scalability and low inherent yields [14]. Such issues may

have thus far hampered the commercial viability of solution-processed silicon.

With these issues in mind, the present work focuses on developing alternative
methods for processing liquid silanes in an effort to avoid some of the existing
challenges limiting progress beyond the state-of-the-art. The results include new
pathways for the fabrication of solution-processable silicon polymer inks and sil-
icon nanoparticles. The findings are centred around the use of ultrasound for
the synthesis of three main silicon containing species, namely higher order sil-
anes, silicon hydride polymers, and silicon nanoparticles. The method exploits the
sonochemical effects that ensue upon the collapse of microbubbles generated via
ultrasound as applied to solutions of cyclopentasilane and the as yet scantly invest-
igated alternative precursor trisilane (SigHg). The use of trisilane, as opposed to
cyclopentasilane or other silanes studied in the literature, is significant because it
constitutes a readily available and semiconductor-grade purity industrial product.
Further details and more thorough discussions on the fundamentals of liquid sil-
anes and associated processing and characterisation techniques can be found in
Chapters 2 and 3.

The liquid silane methods described in this work are carried out at temper-

atures between —15 and 75°C in the inert atmosphere of a Ny-filled glove box.



Compared to gas phase chemical vapour deposition (CVD) techniques such as
plasma enhanced CVD or hot-wire CVD, the ability to work at ambient pressure
and under easily accessible experimental conditions is highly advantageous. The
benefits include vacuum-free processing, no intricate electronics or equipment, and
the syntheses are easily upscalable. These factors make solution-processed silicon
a potentially viable technology for the production of low-cost functional optoelec-
tronics, and energy generation and storage devices via well-known methods based

on, e.g laser treatment and printing techniques.

Numerous and varied topics were dealt with in the research and, as a con-
sequence, a rather extensive assortment of analytical techniques were used. The
analytical methods employed in the characterisation of the inks include chromato-
graphic and mass spectrometric techniques to characterise the growth and molecu-
lar mass of higher order silanes and silicon hydrides. Nuclear magnetic resonance
was used for the determination of polymer structure. UV-visible transmission
measurements were used to optically investigate changes of solutions subjected to
sonication. Suspensions and thin films of silicon nanoparticles were analysed via a
variety of spectroscopic methods which include x-ray photoelectron, photolumin-
escence, infrared, Raman, and electron energy loss spectroscopy. Scanning and
transmission electron microscopy were used to analyse the morphology and size of
silicon nanoparticles as well as nanoparticle agglomerates. Solid films of amorphous
silicon were characterised with respect to their microstructure, absorption proper-
ties and hydrogen content using infrared and photothermal deflection spectroscopy.
Electrical conductivity measurements both in the dark and under illumination are
used to show the semiconducting properties of the films. JV curves acquired us-
ing a solar simulator are used to characterise the photovoltaic devices built using
solution-processed intrinsic absorber layers. Finally, charge carrier lifetimes and
surface recombination velocities are estimated from transient photoconductance
measurements carried out on c¢-Si wafer substrates passivated with APCVD films.
Details on these techniques and their experimental implementation can be found
in Chapter 3.

The results of the research are presented in Chapter 4 and are primarily con-

cerned with the use of ultrasound and how it enables the transformation of both
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cyclopentasilane and trisilane into polymeric and/or nanoparticulate forms of hy-
drogenated silicon. In the case of cyclopentasilane, it is shown that this cyclic
molecule can be sonochemically converted into high molecular mass polymers via
ring-opening polymerisation without the action of ultraviolet light. Moreover, it
is shown that the polymerisation process is not “macrothermal” in nature due
to the temperature of the solution, but rather that it must stem from ultrasound-
induced cavitational phenomena at the microscopic scale. In the case of trisilane, a
method involving a combination of sonolytic and photolytic treatment is developed
and shown to yield a solution-processable silicon polymer - silicon nanoparticle
composite ink. Inks based on both of these monomers are subsequently used to
fabricate amorphous silicon thin films via spin coating and atmospheric pressure
CVD. The high purity of the composite ink prepared from trisilane and the slow
film growth via atmospheric pressure CVD made possible the passivation of crys-
talline silicon (c-Si) surfaces. The films yielded good effective minority charge
carrier lifetimes and surface recombination velocities of ~ 400 s and ~ 34 cms™ 1,
respectively. With the aid of hydrogen radical treatment via hot-wire, the opto-
electronic quality of the films was further improved and found to be comparable
to that of similarly processed material found in the literature. This enabled the
deposition of thick intrinsic absorbers (i-layers) for n-i-p type thin-film solar cells,

with the best device exhibiting a promising efficiency of 3.4 %.

A separate section is allocated to the development and understanding of the
curious and surprisingly simple “fusion” of silicon nanoparticles that ensues upon
sonication of trisilane solutions. Here, the synthesis of discrete, unoxidised, hy-
drogenated, and amorphous silicon nanoparticles of tunable size in the range of
1.5-50nm is demonstrated. In addition, it is shown that under certain condi-
tions, sustained ultrasonic irradiation yields highly porous, sponge or coral-like
silicon nanoparticle agglomerates with non-crystalline nanoscopic high specific sur-
face area morphologies. These results are interesting because traditional methods
rely on synthesis routes that yield ¢-Si nanoparticles and/or involve intricate elec-
tronics, expensive vacuum equipment or elaborate preparation procedures. The
method developed herein employs a single liquid as both the silicon and hydro-
gen precursor and can be carried out in very compact spaces. In addition, the
exterior surface of the particles is found to be hydrogen-terminated, which not

only makes the particles directly suitable for subsequent surface functionalisation,



but in conjunction with the absence of a surface oxide, it avoids the need for ox-
ide shell removal or surface hydrogenation via post-treatment with, for instance,
hydrofluoric acid.

More in-depth discussions of these and other findings are provided in summaries
at the end of each of the six main results sections comprising Chapter 4. The
Summary and Outlook of Chapter 5 include a final synopsis and discussion of the
main experimental results of the thesis, the main conclusions that were drawn, as

well as suggestions on the direction in which future work could head.

In summary, the work demonstrates a new solution-processing method that can
be used to fabricate silicon hydride compounds of polymeric or nanoparticulate
nature. The method exploits the sonochemical effects that ensue upon the col-
lapse of microbubbles generated via ultrasound in solutions of cyclopentasilane or
trisilane. The syntheses are low-temperature, vacuum-free, scalable, and the only
essential piece of equipment is an ultrasonic horn. It is my hope that the employ-
ment of these hitherto unexplored experimental conditions using liquid silanes and

ultrasound may open the door to a new and exciting sonochemistry of silicon.






Chapter 2

Fundamentals

This chapter provides a brief review of the main topics and characterisation meth-
ods dealt with in the thesis. The silicon hydrides are covered first, including selec-
ted chemical properties and synthesis techniques, and the methods that are most
commonly used to transform them into higher silicon hydrides and silicon hydride
polymers. The gas-phase and solution-processing deposition techniques used to pre-
pare a-Si:H thin films are also discussed. This is followed by a brief discussion of
the optoelectronic applications considered in the thesis. Next, the use of ultrasound
and sonochemistry are discussed in the context of polymer and nanoparticle syn-
thesis. Finally, the theoretical basics and working principles of the various analytic

techniques employed in the characterisation of the samples are addressed.

2.1 Silicon Hydrides

The first report of a silicon hydride, or silane for short, stems back to Wohler and
Buff in 1857 [22]. The silane that they isolated was produced from the decom-
position of silicon-contaminated aluminium in hydrochloric acid (HCI), but at the
time they could not unambiguously identify its composition. About 10 years later,
Friedel and Ladenburg would show that monosilane (SiH,) was most probably the
compound that was synthesised [23]. Some time later in 1902, Moissan and Smiles

succeeded in synthesising disilane (SisHg) [24]. Through the pioneering work of
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Alfred Stock, the next two decades saw much progress in the synthesis and un-
derstanding of the chemical nature of the silanes. Between 1916-1926, with the
aid of specially developed hermetic high vacuum apparatuses which enabled safer
handling of the pyrophoric lower silanes, Stock and co-workers were able to syn-
thesise and isolate additional silanes up to hexasilane (SigHy4) [25-27]. By now the
silanes were known to occur as a homologous series with general formula Si Ho, o
(n =1,2,3,...). While the first two members of the series, namely monosilane
and disilane are gaseous, trisilane (TS, SizHg) through to nonasilane (SigHy) are

liquid at stp. Higher silanes from decasilane (Si;;Hy,) onward are solid.

From the late 1960’s through to the late 1980’s work by Fehér and co-workers
extended the work of Stock in a number of ways. For one, larger and safer ap-
paratuses were built that allowed for the semi-technical scale synthesis of crude
silane mixtures of up to 50 litres from the decomposition of magnesium silicide
(Mg,Si) [28, 29]. Here, the “crude silane” is a blend composed of varying amounts
of lower and higher silanes (i.e. silanes with n > 5). Their work yielded ex-
tensive understanding of silanes synthesis, pyrolytic and photolytic decomposition
mechanisms, the detection and fractional distillation of higher silanes up to pent-
adecasilane (SijsHsy), as well as invaluable analytical studies, employing methods
such as gas chromatography, mass spectrometry, Raman, infrared, and nuclear
magnetic resonance spectroscopy [30-32]. For instance, it was discovered that sil-
anes from heptasilane (Si;H;) upwards are no longer spontaneously flammable
in air and that while the silanes up to TS are innately linear, from tetrasilane
(SiyHyy) onward branched isomers are also possible. These include, for instance,
iso-tetrasilane (SiH(SiHj)3) or neo-pentasilane (NPS, Si(SiHj3),). In 1973, Hengge
and Bauer were able to demonstrate for the first time the synthesis of an unsub-
stituted (devoid of organic side-groups) cyclic silane of the form Si H,, (n > 2),
namely cyclopentasilane (CPS, SisH;g) via the hydrogenation of decachlorocyclo-
pentasilane with lithium aluminium hydride [33]. Just over 30 years later, CPS
would turn out to be the silicon precursor used by Shimoda et al. in their seminal
work on solution-processed thin-film transistors that would usher in the field of

printable silicon optoelectronics [12].

The silanes, including their synthesis, molecular properties, and decomposition

and polymerisation reactions and products have now been extensively studied [34—
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38]. Higher order silanes can be synthesised from lower ones (e.g. from monosil-
ane or TS) via silene/silylene insertions and hydrogen-shift reactions [39]. Well-
established techniques used to do this include silent electric discharge [40], pho-
tolysis [41], and pyrolysis [34, 42]. Two distinct synthesis routes for a larger ring
molecule, cyclohexasilane (CHS, SigH;5) have also been discovered [43, 44].

The properties of polymeric silicon hydrides that are produced alongside linear
and branched silanes during treatment with e.g. UV light or heat, have also
been investigated. It is, for instance, known that polymer products with average
stoichiometric composition -(SiH,),-, with 1 < x < 2 possess a bright lemon yellow
colour, while those with -(SiH,),- are light brown [45-47]. On the other hand,
linear, branched, and cyclic silanes are transparent. General chemical properties
of silicon hydrides such as synthesis and bonding, reactivity, and thermodynamic
properties can be found in [32, 38, 45-49]. Tabulated values for density, refractive
index, viscosity, and surface tension for silanes from T'S to heptasilane can be found
in [50]. First principles calculations on the different molecular conformations,
intermolecular interaction, and ring-opening polymerisation (ROP) properties of
CPS can be found in [51-53].

2.2 Solution-Processed Silicon Hydride Polymer
Inks

In general, inks intended for the fabrication of thin films of silicon via solution-
processing techniques such as inkjet printing or spin coating cannot be prepared
by simply dissolving the pristine monomer molecules in a suitable solvent. Rather,
what is required is that the starting molecule undergo some sort of polymerisation
process that produces a low volatility, high molecular weight (M) product. There
are several reasons for this. Firstly, a high M, mitigates desorption of the silicon-
containing component of the ink during deposition and pyrolytic conversion. The
latter conversion step is required to transform the “wet” polymer into a solid thin
film. The temperature threshold at which the thermal energy is sufficient for the
scission of Si-Si and Si-H bonds lies between 250-270°C and once exceeded, the

polymer begins to cross-link into a three-dimensional amorphous matrix [54].
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Figure 2.1: Standard monomer molecules and polymerisation routes found in the lit-
erature as compared to our approach. (a) The cyclic molecules cyclohezasilane (CHS,
SigH1s) and cyclopentasilane (CPS, SisH;y) and are usually photopolymerised (hv) using
UV light and yield mainly polydihydrosilane products of the form -(SiHy),-. In this work,
ultrasound is shown to produce similar results (indicated by the ))) symbol) (b) Alternat-
ively, the branched molecule neopentasilane (NPS, SisH,y) is thermally polymerised (A)
and gives branched polymer products of the form -(SiH,),- with x < 2. As will be shown
in the main text, branched polymers can also be prepared from the linear molecule trisilane
(TS, SigHg) using a combination of ultrasound and UV light.

The temperature at which this transformation takes place is called the conver-
sion temperature, T, and clearly needs to be lower than the average boiling
point of the polymer chains themselves otherwise they evaporate without forming
bonds to the substrate or neighbouring molecules upon thermal decomposition.
For linear chains, this means that a spin coated ink containing SigH,, with an

extrapolated boiling point at ~ 280 °C would, in principle, yield a solid a-Si:H film
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upon annealing ~ 270°C. Lastly, in conjunction with the molecular structure of
the polymer (e.g. branched or linear chains) and choice of solvent and substrate,
its M,, also influences the wetting properties of the ink, which is critical for the
preparation of homogeneous layers and fully covered surfaces [55, 56]. For further

literature on liquid silicon inks the reader is referred to [57, 58].

2.2.1 Monomers and Polymerisation Techniques

In the following, several standard polymerisation techniques that are used to trans-
form pristine monomer molecules into solution-processable polymers, as well some

standard deposition techniques are briefly described.

There are several methods by which the monomer material is polymerised, the
most common of which are illustrated in Figure 2.1. Particularly for the case of
spin coated films and when highly volatile monomers are used, the increase in
molecular mass brought about by the polymerisation of the monomer prior to or
during deposition is necessary. It ensures good wetting and inhibits the desorption
of the precursor upon coming into contact with the heated substrate or during

subsequent pyrolytic conversion to a-Si:H.

In general, for applications where the ink is drop or spin coated, CPS and CHS
are photopolymerised [12, 17, 59, 60] and NPS is thermally polymerised [14, 15].
There are, however, silanes that do not readily polymerise via photolyic means.
As illustrated in Figure 2.2, many lower silanes are insensitive to UV irradiation
as seen from their low extinction coefficients €, and hence low absorbance for
wavelengths of light A\, < 250nm. For instance, the photolysis of TS dissolved in
2,3-dimethylbutane with 200nm UV light from a mercury vapour lamp for 60 hrs
leads to a mere ~ 12rel% reduction in TS and results predomiantly in disilane
and higher silanes up to heptasilane and little to -(SiH,),- [41]. The ROP of CPS
into high molecular weight, low volatility polymers by Shimoda et al. was carried
out photolytically with 405 nm light and yielded a mixture of polysilanes of mass-
average molecular mass M, = 2600gmol~! which were found to be soluble in
unreacted CPS or CPS/toluene solutions. It is interesting to note, however, that

already as far back as 1974 Hengge and Bauer had reported that CPS is sensitive
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Figure 2.2: Plot of extinction coefficient versus wavelength for several linear (solid
lines) and branched (dashed lines) lower silanes. In general, the absorption edges lie
below 250 nm rendering untreated silanes transparent in the visible range and hence also
rather insensitive to conventional treatment with ultraviolet light in the range 300-400 nm.
Note that the wavelength of the UV light source used in the thesis work was 365 nm. Data
adapted from [32].

to UV light and that it decomposes into monosilane and polymer products [61].
Inks prepared from CPS monomer can be doped p or n-type by adding dopant
compounds of boron or phosphorous before or after UV irradiation, respectively.
For instance, CPS can be mixed with white phosphorous (P,) to produce an n-type
copolymer ink upon UV irradiation (405 nm, 3500 mW cm~2, 20-30 min) [62]. In a
similar fashion, decaborane (BoHy4) can be dissolved in CPS to prepare a p-type
ink (80°C, 365nm, 15mW cm™2, 10-60 min) [54].

Alternative inks have also been developed using different monomer molecules,
these include CHS [60] and NPS [14]. In the case of CHS, the ROP is likewise repor-
ted to be initiated photolytically, but instead of UV treatment of the CHS solution
(in cyclooctane solvent) prior to deposition, the precursor is irradiated during ac-
tual spin coating. An alternative method involves the employment of pristine CHS
solutions to grow thin films deposition via aerosol assisted atmospheric pressure
CVD (AA-APCVD), although the film quality obtained thus far does not exceed

12
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that of spin coated layers prepared with significantly less experimental effort [39].
In contrast, NPS is polymerised via a pyrolytical decomposition method entailing
the thermal treatment of NPS in a teflon vessel at anything between 30-140°C for
180-420 min. The method yields intrinsic and doped inks with M, ranging from
550-2200 gmol~!. The doping is achieved by adding BHs-THF complex (borane-
tetrahydrofuran, C4H;;BO) to NPS prior to thermal treatment for p-type formula-
tions of the ink and n-type inks are prepared by adding P, to already oligomerised
NPS and then submitting the mixture to further heat treatment [14]. In general,
unreacted monomer (CPS or NPS) is always present in excess and the polymerisa-
tion reactions are halted before the precursor is entirely consumed. This is because
the monomers themselves are found to be very good solvents for their respective

polymer products.

In this work (see Chapter 4) two monomer molecules are used, namely CPS
and TS. Using CPS, the preparation of an ink via sonolytically initiated ring-
opening polymerisation without the action of light [63] is demonstrated. With TS
as precursor, a synthesis route for the fabrication of a silicon polymer - silicon nan-
oparticle (Si-NP) composite ink using a combination of sonication and subsequent
irradiation with UV light is shown [64].

2.2.2 Solution-Processed Thin Film Deposition Methods

As alluded to previously, the employment of a liquid silane for depositing semicon-
ducting thin films was first demonstrated in 2006 by Shimoda et al., where they
successfully fabricated thin-film transistors by spin coating and inkjet printing a
hydridosilane polymer ink made from CPS monomer [12]. In a major advancement
for the field, 2012 saw the first demonstration of a fully spin coated a-Si:H single
junction p-i-n photovoltaic device with an efficiency of 0.51 % [54]. This result was
superseded by [14], where the fabrication of a similarly solution-processed n-i-p
type solar cell was demonstrated exhibiting a significantly improved efficiency of

3.5%.

For solution-processed silicon polymer films, the wetting properties of the ink
and the stability of the films are of great importance, and have been studied previ-
ously [55, 56]. While earlier publications presented films deposited via spin coating,
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more recent work has focused on developing alternative deposition methods, these
include atmospheric pressure CVD (APCVD) using either a simple petri dish [65]
or a more advanced gas phase reaction vessel [66], and aerosol assisted chemical
vapour deposition (AACVD) [39]. Although not a classical liquid processing tech-
nique, the Shimoda group recently demonstrated the application of APCVD for the
fabrication of a-Si:H of higher quality than previously possible using spin coating
[65, 66]. The method entails vaporising pristine CPS monomer in a closed space
containing a heated substrate (see Figure 3.1). The CPS molecules are thermally
cracked at the substrate surface held at temperatures of around 275 °C and above,
with best results at ~ 360 °C.

For thermal CVD deposition techniques involving vaporised /aerosolised liquids
or gas-phase transport of the silicon hydride material toward the substrate (AA-
APCVD and APCVD), pre-polymerisation is not absolutely necessary since film
growth presumably takes place via thermally activated reactions at the substrate
[39, 66]. In the present work, the use of a Si polymer/Si-NP composite ink serves
two main functions. Firstly, the ink contains higher order silanes and branched
hydridosilanes (-(SiH,),-), which compared to TS are much less volatile, have lower
pyrolytic decomposition temperatures and have higher My, all of which mitigate
evaporation/desorption losses during deposition and enhance the film growth rate.
Secondly, since the ink also contains dense amorphous and hydrogenated Si-NPs,
these are likewise transported toward to heated substrate and are hence also assim-
ilated into the growing film. In particular for spin coated samples after pyrolytic
conversion, the hydrogen is found not to reside at ideal bonding sites within the
film. It is hence common (and necessary) practice to post-treat such films with
hydrogen radicals generated via hot-wire [13, 14, 67-69] or in a plasma process

[60].

Other techniques applied to the deposition of silicon hydride polymer inks in-
clude doctor blade coating for thin-film transistors [18, 70| and slot die coating for

the fabrication of ¢-Si thin-film solar cells [15].

In this work, spin coating and APCVD using an inverted petri dish are im-
plemented. CPS derived inks are spin coated and TS derived inks (intrinsic and
p-type) are used for both spin coating and APCVD. In the latter case, instead
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of using the pure and untreated monomer liquid as is conventionally the reported
(e.g. when CPS is used) in the literature, an already sonophotolytically prepared
TS derived silicon polymer - silicon nanoparticle composite ink is applied as the
precursor. Also presented are selected properties of Si-NP thin films prepared by

spin coating or drop-coating TS solutions subjecting solely to ultrasound.

2.3 Hydrogenated Amorphous Silicon

Since the material was first reported on in the late 1960’s by Chittick and co-
workers [71], the preparation and properties of hydrogenated amorphous silicon
(a-Si:H) thin films have been extensively studied and there is a vast amount of
literature on the subject, a comprehensive overview of which can be found in the
book by Street [72]. Thin films of a-Si:H are conventionally deposited from the
gas phase using chemical vapour deposition (CVD) techniques such as plasma
enhanced CVD (PECVD) and hot-wire CVD (HWCVD).

In contrast to the ordered structure of crystalline silicon (¢-Si), the morpho-
logy of a-Si:H is characterised by subtle deviations in the near and medium range
atomic order (1% to 3™ nearest neighbours) due to variations in both bond length
and angle, which in turn lead to the complete absence of long range order [73, 74].
The disorder of the a-Si:H matrix leads to unique optical and electrical proper-
ties. Bonding disorder (predominantly from deviations in bond angle) results in
electronic transport characterised by low effective charge carrier mobility due to
scattering in the bands and trap-release processes at localised states within shal-
low band edges (band tails). Structural disorder gives a-Si:H a high absorption
coefficient, a quasi-direct optical band gap of ~ 1.7¢eV due to a relaxation of the
momentum selection rules and coordination defects otherwise know as dangling
(unsaturated) bonds. These defects give rise to a high density of energetically low
(~ 0.9¢V) electronic states within the band gap which renders unhydrogenated
a-Si of little technological use in optoelectronic devices. The formation of such
high defect densities is suppressed during growth via CVD due to the presence of
chemically bonded hydrogen in the films at lattice sites that would otherwise con-
stitute dangling bonds (introducing hydrogen during film deposition via sputtering
has a similar effect).
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Later in this work, methods such as Fourier transform infrared spectroscopy
(FTIR), Raman scattering, and photothermal deflection spectroscopy (PDS) will
be used to study the aforementioned absorption and structural properties of a-Si:H
fabricated using solution-processing methods and how they compare to PECVD

material.

Hydrogen is found to play a critical role in the production of high quality a-
Si:H and has an influence not only on its optical and structural properties such as
band gap and slope of the band tails, but also on its optoelectrical performance.
The very low electrical conductivity in the dark (~ 107 Sem™!) and very high
photoconductivity under illumination (~ 1075 Scem™") of state-of-the-art intrinsic
a-Si:H are indicative of material with high charge carrier mobilities and/or charge
carrier lifetimes (high p7 product). The presence of hydrogen and the nature of its
bonding configuration in a-Si:H is routinely studied via infrared spectroscopy and
in special cases (e.g. depth dependent bonding studies) also via Raman scattering

69, 75].

With these techniques high quality, compact material is found to almost exclus-
ively exhibit Si-H stretching modes at ~ 2000 cm ™! associated with a monohydride
group at small monovacancy or divacancy sites (with a radius of ~ 0.5nm) [72, 74].
Material of less compact morphology due to the presence of so-called microvoids
(~ 0.1nm or larger) is characterised by additional modes at higher wavenumbers
between 2050-2090 cm™! [76]. As will be discussed next, the relative ratio of these
two bands provides a fast and effective measure of the material’s morphology.

2.3.1 Microstructure Factor

The infrared microstructure factor, R, is defined as

Iros0
=280 100%, 2.1
To000 + 12080 ’ 21

where Isg09 and Iggp are the deconvoluted intensities of the SiH and SiH/SiH,
stretching modes at 2000 and 2080 cm™!, respectively |77, 78]. The 2000 cm™*
mode corresponds to SiH bonds in dense bulk material, while the 2080 cm ™! modes
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corresponds to SiH/SiH, bonds in less dense a-Si:H such as at the internal sur-
faces of microvoids |76, 79-81]. The lower the value of R, the more compact the
morphology and hence the better the quality of the layer. Furthermore, after H’
treatment, a growth in the 2000 cm ™! mode is desirable since this is associated with
hydrogen that has gone on to passivate previously unsaturated Si dangling bonds
in the bulk of the material. This results in a reduction in defect density and hence
better excess charge carrier transport properties and thus to an improvement in

optoelectronic behaviour.

2.3.2 Estimation of Hydrogen Content

The hydrogen content or atomic concentration cjj of the films is estimated using
the Si-H stretching mode absorption band between 2000-2080cm™ as acquired
via FTIR. The method requires an independent measurement of the thickness d

of the film and the determination of the integrated infrared absorption I of the

2080
I= / o) g, (2.2)
2000 W

where a(w) is the infrared absorption as a function of wavenumber w [80, 82]. The

FTIR signal given by

spectral analysis involves the summation of the intensities of the deconvoluted

components as

2080 f ws
=S =Y .
Z ! wip X d7 (2 3)
=2000

where the index i = 2000 cm™! or 2080 cm™!, the integral in the numerator is the
area of the " mode, w; is the position of the peak maximum of the i*® mode and

d is the thickness of the film in cm. The ¢f; and I are related as

Nu

— . 1009 24
Nt N 70, (2.4)

=
where Ny = A - I, with A = 1 x 102 cm™2 is an empirically determined propor-

tionality constant and Ng; = 5 x 1022 ecm™2 is the atomic density of amorphous

silicon.

17



Chapter 2: Fundamentals

The above calculation tends to overestimate the value of cy due to multiple
internal reflections which effectively increase the optical path length in thin films.
We hence employ the correction factor put forth by Langford et al. to compensate

for this apparent increase in infrared absorption in the layers given by

"
Cn

T 172 - Kwd (2:5)

CH

! and d is the film thickness in

where K = 0.0011, w is the wavenumber in cm™
pm. The correction factor is applicable for samples with cy < 30at% and for wd

products for which the denominator is > 1 [82, 83].

2.3.3 Optoelectronic Applications

Thin films of a-Si:H are used in two applications in this work, namely in n-i-p type
solar cells and as intrinsic surface passivation layers for c-Si wafer substrates. The
latter, while not a complete optoelectronic device, constitutes a preliminary step
in the fabrication of industrially relevant heterojunction with intrinsic thin layer
(HIT) solar cells.

As shown in Figure 2.3a, the n-i-p solar cell architecture consists of a thick
intrinsic (i) a-Si:H sandwiched between two thin, doped layers (n and p-type).
The i-layer is responsible for light absorption and the doped layers for setting
up an electric field in the device that enables charge carrier (electron-hole pair)
separation and subsequent transport to the respective electrodes [84]. The ZnO
functions as the rear contact and the ITO (indium tin oxide) as the transparent
and conductive front electrode. A Ag grid is subsequently deposited to complete
the electrical contacting. The layer thicknesses of the n, i and p a-Si:H layers were
typically of the order of 30 nm, 80-120 nm and 15nm, respectively. It should be
noted that the i-layer is usually somewhat thicker (100-300 nm) in state-of-the-art
PECVD cells.

The HIT solar cell shown in Figure 2.3b is governed by a different working
principle and has a different layer stack. As opposed to n-i-p type solar cells
which are drift devices, where a built-in electric field drives the electrons and
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Figure 2.3: (a) Schematic diagram of the n-i-p layer stack implemented in the thin
film solar cells fabricated in this work. Note that the thick intrinsic (i-) layer (= 80—
120nm) in this device functions as the absorber material. (b) Schematic of a typical
heterojunction with intrinsic thin layer (HIT) solar cell. Here, the thin i-layers (= 5nm)
are responsible for the passivation of dangling bond defects on the surface of the c-Si
wafer. All layer thicknesses given are approximate.

holes to their respective electrodes, HIT cells are diffusion-based devices. These
cells rely on the extremely high effective charge carrier diffusion lengths in c-Si
for ensuring that charge carriers are collected at the terminals. The intrinsic a-
Si:H layers are responsible for passivating dangling bond defects on the surface of
the ¢-Si wafer thereby enabling very low effective surface recombination velocities
Ser < 10cms™!. The doped p- and n-layers act as front and back surface passiva-
tion fields, respectively. The Ag and TCO (transparent and conductive oxide) in
the front have the same function as in the n-i-p cell and the rear TCO/Ag ensures

good electrical contact to the n-layer.

2.4 Ultrasound and Sonochemistry

The employment of ultrasound (US) for the synthesis of polymeric and nano-

particulate materials offers an alternative energy source to those used in conven-
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tional chemistry, where usually either heat, electromagnetic waves (e.g. light,
microwaves), or electricity are used. The actual chemical activation mechanism
at work during sonication, however, does not result from the direct interaction of
ultrasonic waves with matter via coupling to electronic, vibrational or rotational
molecular states, but rather from a secondary phenomenon known as acoustic
cavitation. This can be demonstrated as follows: if we assume a speed of sound
¢ in a trisilane/cyclooctane solution in the range of 1000-1300ms~! and take a
tip oscillating frequency f of 26 kHz, it can be readily calculated that the relation
A = ¢/f, gives a wavelength \ of 3.8-5cm for the generated ultrasonic waves.
These length scales are far in excess of molecular dimensions and hence any direct
coupling to molecular modes is ruled out. When liquids are irradiated with US
in the frequency range 20 kHz to 500 MHz, the high tensile stress during rarefac-
tion cycles can cause local rupturing of the liquid at weak spots [85]. These weak
spots may include dust particles, solid impurities or pre-existing pockets of gas
(e.g. air/mitrogen) in the fluid. The formed cavities grow into microbubbles dur-
ing one or several cycles until reaching a maximum size of ~ 100-150 um before
experiencing implosive collapse. It is this series of events encompassing the incep-
tion, expansion and implosion of microbubbles that is termed acoustic cavitation
and the field concerned with its application to the synthesis and modification of

materials is known as sonochemistry [85, 86].

Sonochemistry stems back to 1927 where Wood and Loomis reported for the
first time on the physical and biological effects of high intensity ultrasound [87].
Sonochemistry has now been extensively studied [85, 88-91] and its chemical ap-
plications include for instance, increasing chemical reaction rates (sonocatalysis)
via the generation of radicals, polymer synthesis [92], polymer degradation [93],
and metallic compounds synthesis. Some physical effects include enhanced mass
and heat transport via stirring due to high-velocity microjet formation, collision-
induced sintering of particles [94], surface cleaning and morphological alteration
via asymmetric bubble collapse at the solid-liquid interface, and degassing of li-

quids.

At present, the sonochemical effect is understood to be triggered by the forma-
tion of a so-called thermal “hot spot” during cavitational collapse. Temperatures

and pressures at these hot spots have been reported to reach values as high as
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SizHg gas

Figure 2.4: Schematic depiction of the growth and collapse of a bubble, and the ensuing
synthesis of solid-state silicon via the sonochemical effect. (a) During decompression
cycles, an expanding bubble is preferentially filled with highly volatile trisilane (SizHg)
dissolved in the solvent (e.g. cyclooctane). (b) Upon bubble collapse, high transient
temperatures and pressures result in the creation of a “hot spot”. (¢) The implosion
results in the generation of new silicon-containing species, namely an amorphous silicon
(a-Si) particle and Si radicals (S ), the latter of which subsequently diffuse into the bulk
of the liquid to form Si polymers.

5000 K and 1000 atm, respectively [95]. The transient nature of the hot spots of
~ 1079-107'2 s gives rise to short energy pulses of ~ 0.1-10eV and cooling rates
of ~ 10° Ks™!. A schematic representation of the acoustic cavitation phenomenon
as applied to the trisilane/cyclooctane system is given in Figure 2.4. In general,
there are several factors influencing sonochemical action, these include the charac-
teristics of the liquids used such as solvent and solute vapour pressure, viscosity,
purity (e.g. dissolved solids), and surface tension, as well as sonication parameters
such as frequency and amplitude.

2.5 Silicon Nanoparticle Synthesis

The ink developed in this work using trisilane as precursor is in fact a Si nano-
particle - Si polymer composite ink and is to the best of our knowledge, the first
reported silicon hydride nanocomposite ink of its kind. In general, Si-NPs can
be fabricated via a plethora of vacuum and solution-processing methods. Typ-
ical vacuum-based fabrication techniques involve the use of radio frequency or
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microwave plasma reactors [96-98], hot-wall reactors [99, 100], hot-wire [101], re-
active sputtering [102] or laser ablation [103]. Solution-processing methods include
synthesis routes based on the reaction of silicon compounds such as SiCly, Mg,Si or
NaSi, with selected salts [104-106]. There are also hybrid techniques, e.g. where
ultrasound is used to promote the reduction of tetraethyl orthosilicate by metallic
sodium in toluene solutions held at —70°C [107] or where a porous silicon film is
prepared by electrochemically etching the surface of a ¢-Si wafer with subsequent
sonication of the surface resulting in the breaking off of individual Si-NPs [108].
Unfortunately, most of these synthesis routes yield crystalline Si-NPs, involve in-
tricate electronics, expensive vacuum equipment or elaborate preparation proced-
ures. The synthesis route that will be demonstrated in this work employs a single
liquid (TS) as both the silicon and hydrogen precursor and since the entire pre-
paration is carried out in a Ny-filled glove box, it is vacuum-free, low-temperature
and can be executed in very compact spaces, e.g. in a 2mL glass vial. As will be
shown in Chapter 4, sonication presents a reliable method for “fusing” amorphous
Si-NPs, a feature that differentiates it from most other preparation methods. In
addition, the exterior surface of the particles is hydrogen-terminated, which not
only makes them suitable for subsequent surface functionalisation, but in conjunc-
tion with the absence of a surface oxide makes the need for post-treatment with,
e.g. hydrofluoric acid for oxide shell removal or surface hydrogenation, redundant
[11, 109, 110].

In addition to its application to processes such as sonocatalysis and polymer syn-
thesis (Section 2.4 above), sonochemistry has also been applied to the fabrication
of a myriad of metallic and organic nanostructured materials, for instance metals
(e.g. amorphous iron), metal oxides (e.g. TiO,), chalcogenides (e.g. CdSe), and
carbon nanotubes, to name but a few [111, 112]. As of this writing, however, there
is no evidence for the employment of sonication or sonochemical means for either
the direct synthesis of silicon hydride polymers nor of Si-NPs from a heterogeneous

liquid-liquid system comprising a lower silane and an organic solvent.
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2.6 Characterisation Techniques

Numerous techniques are used throughout this work to characterise the Si polymer
- Si nanoparticle composite ink prepared from TS, and separately the Si-NPs,
as well as the Si polymer prepared from CPS. In the following subsections the
various characterisation methods are introduced and the reasoning behind their

employment is also briefly explained. For further details refer to Chapter 3.

2.6.1 Characterisation of the Silicon Polymer - Silicon
Nanoparticle Composite Ink

The properties of the inks fabricated from the two monomers used in this work,
namely CPS and TS, were selectively characterised via UV-Vis transmission meas-
urements, size exclusion chromatography (SEC), gas chromatography - mass spec-

trometry (GC-MS) and nuclear magnetic resonance (NMR).

UV-vis is used to study and spectroscopically quantify visual changes observable
with the naked eye in treated solutions. Since both CPS and TS monomers are
transparent in the visible range, these measurements allow us to associate optical

absorption variations with chemical reactions in the processed inks.

Analysis via SEC is carried out for two main purposes. Firstly, it was employed
to chromatographically confirm that the sonication of CPS solutions yields polymer
products and if so, to monitor the distribution and evolution of the molecular
weight as a function of time. Secondly, to ascertain whether the ring-opening
polymerisation is “macrothermally” initiated as a result of the slightly increased
temperature of the solution due to unintentional heating during sonication or,
instead, if it can be ascribed to sonochemical effects. SEC allows for the analysis
of treated and untreated solutions containing a mixture of untreated monomer
and polymer products by temporally separating the species as they are pumped
through a densely packed column. The varying degree of diffusion of the polysilanes
(the analytes) into, out off and around the pores of the stationary phase (i.e. the
packing material) results in different retention times according to their size and/or
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structure. In this way, smaller molecules can infiltrate deeper and into more of
the micropores and hence take longer to elute from the column, on the other
hand larger molecules are partially or fully excluded from entering the porous
microstructure and hence have a shorter retention time in the column [63, 113,
114].

GC-MS is used to detect and identify more volatile species that can be trans-
ported in the gas phase. The technique involves injecting a solution containing the
analytes into a capillary column housed in an oven. As the temperature is raised,
the specific chemical properties and varying degree of interaction of the dissolved
molecules with the internal walls of the column lead to their temporal separation as
they exit the column into an attached mass spectrometer. The mass spectrometer
then ionizes the individual molecules which results in their fragmentation and sub-
sequent identification according to their mass-to-charge ratio and fragmentation
pattern. The characteristic retention times and mass spectra of the detected com-
ponents allow for reliable identification of the molecules’ chemical composition and

molecular mass [115-117].

The compounds studied in this work are known to be composed predominantly
of hydrogen and silicon, however, the bonding configuration of these elements in
the polymer is not straight-forward to determine. For the case of the T'S-based ink,
liquid-state *Si NMR spectroscopy was used to address the specific question as to
whether the derived polymer had a linear or branched molecular structure. NMR
relies on the fact that atomic nuclei in a magnetic field interact differently with elec-
tromagnetic radiation (i.e. exhibit different absorption and emission behaviour)
depending on their magnetic properties and neighbouring molecular environment
[118, 119]. Slight variation in the resonance frequency at which this absorption
and re-emission takes place enables the determination of the position and relative
abundance of atoms in a molecule, for instance, whether the Si atom is present
in at a branching point -SiH, along the length of the chain -SiH,- or at the end
of a chain as a -SiH3 end group [64, 113]. Of particular interest is the relative
abundance of these groups, since it has been reported that for spin coated films
more SiHjz end groups are conducive to enhancing the quality of the cross-linking

and densification of the Si polymer into a-Si:H upon pyrolytic conversion [14].
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2.6.2 Characterisation of Thin Films and Optoelectronic
Devices

2.6.2.1 Amorphous Silicon Thin Film and Nanoparticle Morphology
and Microstructure

The electron microscopy techniques used to study a-Si:H thin films and Si-NPs
include scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and scanning TEM (STEM). SEM allows for the fast evaluation of film
and Si-NPs morphology with images revealing details from the micron to ~ 10 nm
range. On the other hand, TEM and STEM allow for introspection with a resol-
ution down to the atomic scale. The spectroscopic techniques used include highly
spatially resolved electron energy loss spectroscopy (EELS) on the nano-scale,
and Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy on
the macro-scale. FTIR provides invaluable information on the Si-H, Si-O, and
C-H bonding in the samples by studying the properties (intensity and location)
of infrared active molecular absorption bands. This is used to characterise the
microstructure by differentiating between dense bulk material and surface-rich mi-
crovoid regions, to study the process of oxidation upon exposure to air, as well
as to estimate hydrogen content. Raman spectroscopy enables an investigation of
the amorphous nature of the samples via an analysis of characteristic Si-Si phonon
modes. The location, relative intensity and spectral width of these modes allows
for an analysis of the near and mid range order of the silicon bonding in the a-Si:H
matrix [120-123].

In terms of optoelectrical performance, a-Si:H layers are characterised via lateral
electrical conductivity measurements using two co-planar metallic (Ag) electrodes.
The photoresponse (opr), defined as the ratio of the conductivity of the film under
illumination (opp) to its conductivity in the dark (o4), provides a simple measure
of the layer’s semiconducting quality. Undoped or intrinsic (i) layers should gen-
erate maximal photocurrent upon illumination so that (opn) should be as high
as possible. In state-of-the-art solar grade PECVD films, opy reaches values of
the order of ~ 107 Scm™! under illumination at approximately one sun (AM1.5,
100 mW cm~2). In contrast, in the dark the i-layer should have as low a majority

25



Chapter 2: Fundamentals

charge carrier density as possible and hence exhibit a o4 as small as possible. Low
values of 4 are an indication of low defect density and/or a Fermi level lying deep
within the band gap. Typically, o4 has a value in the range 107*1-10"*Scm™! in
good quality material [124]. In general, material with opg > 10? is deemed suitable
for optoelectronic device application. Films doped p or n-type for use in devices
where conductance through the thickness of the layer is intended (i.e. transverse
instead of lateral conductance) such as in solar cells, typically have conductivities

(04 & opn) in the range ~ 1072 and ~ 10™*Sem™!, respectively [72].

2.6.2.2 Photovoltaic Cells

The performance of the solar cells is evaluated via current density versus voltage
(JV) curves using solar simulator. Here, the open circuit voltage V. and the
short circuit current I, are the measured voltage at zero current and current at

zero voltage, respectively. The fill factor F'F is defined as

Pmax

FF =
‘/;C[SC ’

(2.6)

where Pp.x is the power density at the maximum power point of the cell. The
efficiency 7 of the cell is then simply the ratio of maximum electrical output Py ay to
optical input power density P, [125]. In combination with the previous expression
this gives

Pass _ o Vocke

=F
P opt P opt

The series resistance R and shunt resistance Ry, are calculated from the JV curve

n= (2.7)

from the inverse slope at V. and I, as

A
R =2V (2.8)
Al y_y,
and AV
Ry, = — . 2.9
TOAL L, (2.9)
respectively.
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2.6.3 Surface Passivation Layers

The quality of the surface passivation of c¢-Si wafer substrates is assessed via ef-

fective minority charge carrier lifetime measurements.

The effective lifetime 7¢ of the minority charge carriers (i.e. holes in n-type c-
Si) is estimated from a fit to the exponential decay as a function of time of excess
holes Ap(t) generated in the bulk of the sample by a short optical excitation pulse,
and is given by

Ap(t)

Tef = ——— (2.10)
G — %Ap(t)

where G is the generation rate. The measured 7. is a superposition of the bulk

7, and surface 7, lifetimes as
—_— =t -~ —, (2.11)

where the approximation stems from the fact that n, >> 7, in high purity /high
quality float-zone c-Si [126].

We hence have that 7. ~ 75, which in combination with the assumption of
a large value for the diffusion coefficient D and symmetric interfaces yields an

approximate expression for the effective surface recombination velocity Seg as

29 -1
d 1(d d
Seff == 5 |j’eff - 5 <7T> ] ~ §Teff7 (212)

where d is the wafer thickness [127].
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Chapter 3

Experimental

This chapter is concerned with a summary of the raw materials, equipment, and
the various experimental and analytic techniques that were employed in the devel-
opment and characterisation of the inks, the silicon nanoparticles, and the thin
films thereof.

3.1 Materials

The preparation of the CPS and TS-based inks, as well as the Si-NPs was car-
ried out under dilution in an organic solvent. The solvent of choice was dried
cyclooctane (CO, CgHyg) from Sigma Aldrich (99.0 % purity). The CO was ad-
ditionally dried with sodium and degassed via evacuate-refill cycles in a No-filled
Schlenk line. The cyclopentasilane (CPS, SisH;o) was acquired from the group
of Prof. Terfort at the University of Frankfurt and synthesised by Dr. Britta
Kémpken via the hydrogenation of decachlorocyclopentasilane with lithium alu-
minium hydride [128]. The trisilane (TS, SizHg) was purchased from Voltaix LLC
(Silcore®), 99.99 % purity). For the p-type formulation of the ink technical grade
decaborane (BjgHy,) from Sigma Aldrich was used. Some of the more relevant
material properties of the solvent and the liquid silicon precursors are summarised
in Table 3.1.
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Table 3.1: Summary of several material properties of the liquid substances used in the
preparation of the ink [48, 57, 61, 129-151].

Property Cyclooctane Cyclopentasilane  Trisilane
Formula CgH1g SisHqq SizHg
Molar mass (gmol~!) 112.21 150.51 92.32
Density (gem™3) 0.834 0.963 0.743
Colour colourless colourless colourless
Boiling point (°C) 151 194 53
Melting point (°C) 10-13 ~105 —117
Vapour pressure (Torr) 4.12 1.12 95.3
Refractive index 1.459 1.691 1.498
Dynamic viscosity (mPas) 0.254 0.546 0.318
Surface tension (mNm™1!) 31.46 32.5 18.7
Band gap (eV) 6.7 6.5 6.2
Purity (%) > 99.0 > 95.0 > 99.99

The substrate materials used for standard layers were Eagle XG glass from
Corning and double-side polished c-Si substrates of 15 x 15mm? in size. For
the solar cells, 20 x 20 mm? untextured Al-doped ZnO (AZO) coated glass was
used. For the passivation layers, ca. 50 x 50mm? complete RCA treated float-
zone n-type Si(111) substrates with specific resistivity p = 32 cm were used. The
substrates submitted to piranha etch to remove residual organic impurities and a
subsequent 1 % HF dip to remove the native oxide, thereafter introduced into inert

N; atmosphere within 20 min.

3.2 Ink Preparation

Due to the pyrophoricity of CPS and TS, the entire handling and processing of the
liquid silanes, treated and untreated solutions thereof as well as subsequent thin
film deposition was carried out in a Ny-filled glove box from MBraun with residual
traces of HyO and O, of < 1 ppm. The liquids were transferred from their respective
storage vessels using Eppendorf pipettes and disposable hypodermic needles and
syringes. Filtering of processed solutions was done with 0.1 and 0.45um PTFE
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3.2 Ink Preparation

syringe filters. Solutions were mixed and treated in 2 cm? borosilicate glass vials.
Typical solutions have a volume of 1-1.6 mL and concentrations of 8-15 wt% and
35-55 wt% for CPS and T'S monomer, respectively.

In order to mitigate evaporation losses during sonication, especially when using
highly volatile T'S as precursor material, solutions are actively cooled to temperat-
ures between —10 and 20 °C using a Peltier cooling system. The cooler consists of
a 40 x 40 x 40 mm? copper block with a cylindrical borehole for the glass vial and
two 72 W Peltier elements mounted on two of its lateral faces. The heat generated
by each Peltier element is extracted and dissipated via two aluminium heat sinks
attached to cooling fans. The remaining sides of the copper block are covered
with polystyrene for increased thermal insulation. The cooling performance of
the Peltier elements, and hence the temperature of the solution, is controlled by
varying the power supply to the cooler. The system is mounted near the base of
a retort stand to allow for the submersion of the ultrasonic horn into the solution
from above. The temperature of the solution during sonication is measured using

a type K thermocouple from Thermocoax immersed in the liquid itself.

The ultrasonic treatment of the solutions is carried out using a 26 kHz Hielscher
Ultrasonics UP200St ultrasonic horn made of titanium and with a 2 mm diameter
tip. The maximum amplitude at the tip is 240 pm and the duty cycle per second
can be varied from 0 to 100 % in steps of 10% and is typically set to between
40-60 % to avoid excessive unintentional heating of the solution. In the case of
solutions where sonication was carried out without the aid of active cooling, lower
duty cycles of 30-40 % are preferred in order to avoid heating the solution above

~ T70°C during treatment.

For the photolytic treatment of solutions with ultraviolet irradiation is carried
out using a high power LED array from Roithner Lasertechnik GmbH is used. The
array consists of 60 AlGaN diode chips with a peak wavelength at 365 nm and a

total optical output power density of 100 mW cm 2.
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3.3 Thin Film Deposition

The thin films of silicon hydride polymer were cast on the substrates via two
methods, namely spin coating and atmospheric pressure chemical vapour depos-
ition (APCVD). State-of-the-art reference and doped a-Si:H layers were deposited
via plasma enhanced chemical vapour deposition (PECVD). For the evaluation of
film thickness, layers deposited on glass substrates are used to make small etch
craters of 1-3mm in diameter using KOH. Profilometry measurements are then

made across the sharp edges where material was removed.

3.3.1 Spin Coating

Spin coated films are cast using a Spinl50i coater from SPS-Europe B.V. The
spin parameters were in the range 1500-200 rpm for 15-30s. Subsequent cross-
linking of the polymer to transform it to amorphous silicon was done by pyrolytic
conversion on a hot plate at temperatures between 400-450 °C for 1-3 min. Layer
thicknesses vary from around 50-80nm for a single spin and up to ~ 200 nm for

substrates coated multiple times.

3.3.2 Atmospheric Pressure Chemical Vapour Deposition
of Thin-Films

Films fabricated via APCVD were deposited as illustrated in Figure 3.1 using a
variation of the technique originally demonstrated by Masuda at al. using an in-
verted petri dish [65, 132]. Firstly, the substrates are placed on the hot plate and
pre-heated to temperatures in the range 350-450°C. Then the inside of a petri
dish is coated with 30-50 pL of liquid silicon ink and placed facing down over the
heated substrates. This differs from the Masuda method in that instead of pure
and untreated CPS monomer, the ready-to-use ink is employed which consists of
CO solvent, higher order branched and linear silanes of the generic form Si Hy, 4

with n > 3, silicon hydride polymer (-(SiH,),-), amorphous Si-NPs and residual

32



3.3 Thin Film Deposition

petri dish vaporised ink
ink \\ /
substrate
hotplate /

Figure 3.1: Schematic depiction of the APCVD deposition setup. A substrate is placed
and pre-heated on the hot plate. Thereafter a petri dish is coated on the inside with some
ready-to-use ink and placed faced down over the substrate. As the dish and ink are slowly
heated up by the hot plate an atmosphere of vaporised ink is produced within the confined
space. After 2-3min a thin film of a-Si:H is discernible on the substrate.

unreacted TS. Shortly after coming into contact with the hot plate, the petri dish
is indirectly heated and its base reaches 150-200°C. This causes the ink to evap-
orate and produce an atmosphere of vaporised silicon ink (including the colloidal
silicon species) within the confines of the space enclosed by the dish. After 2-3 min
a thin film of a-Si:H is discernible on the substrate. The standard petri dish has
a height of 20mm and a diameter of 60 mm. This procedure is repeated several

times until the desired film thickness is reached.

In a standard APCVD deposition, a petri dish is coated with 40 pL of a 40 wt%
formulation of the TS ink and takes 4 min. With the substrate heated to ~ 375°C
films of ca. 25nm in thickness typically result. This gives a growth rate under
standard conditions of ~ 6nmmin~' (~ 0.1nms™'). Using more ink and higher
substrate temperatures results in thicker films, albeit at the expense of mater-
ial quality where rapidly grown films exhibit blistering and matt surfaces. The
desired film thickness was hence achieved under relatively slow growth rate condi-
tions using several coated petri dishes placed one after the other over the substrate.
Finally, note that the temperature of the petri dish, and hence the rate of evap-
oration of the ink, is indirectly set by the temperature of the underlying hot plate
and is thus not independently regulated under the current conditions.

The experimental setup used to deposit the passivation layers was identical to
that shown in Figure 3.1 except that the substrate was isolated from the hot plate
using two small ¢-Si supports in order to avoid contamination of or damage to the
surfaces. The deposition was done at ~ 350 °C using 75 uL of a 40 wt% formulation
of the TS ink in two steps, 10min per side. The film thickness of each layer is
estimated at 10-20 nm. The passivation layer were not submitted to any additional
hot-wire hydrogen treatment prior to characterisation.
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Table 3.2: Summary of the standard deposition parameters for the intrinsic (i) and
doped (p and n) PECVD layers used in this work.

Parameter i-layer p-layer n-layer
Feedstock gas/gasses SiH,/H, SiH,/PH;/C3H¢B/CH, SiH,/PHj,
Flow (sccm) 23/45 10/121/18/10 24/10
Power density (mW cm~2) 40 40 40
HF frequency (MHz) 13.56 13.56 13.56
Pressure (Torr) 1 1.5 0.8
Substrate heater temperature (°C) 250 250 285
Deposition time (s) 600 120 240
Deposition rate (nms™!) 0.17 0.14 0.13

3.3.3 Plasma Enhanced Chemical Vapour Deposition of
Thin-Films

The intrinsic (i) and the p and n-type doped layers used as reference or in the
optoelectronic devices were deposited using a high-vacuum PECVD cluster system.

The deposition parameters for the layers are summarised in Table 3.2.

3.4 Hot-Wire Atomic Hydrogen Treatment

Hydrogen radical (H") treatment after deposition to passivate the solution-processed
films was carried out in a hot-wire CVD (HWCVD) high-vacuum chamber [133,
134]. The samples are transferred from the glove box to the hot-wire chamber in a
specially designed hermetic transfer vessel, the samples are thus not subjected to
an air break. The hot-wire system is equipped with tantalum filaments (wires) op-
erated at 1300-1375°C, these being responsible for dissociating H, into atomic H.
The pressure in the chamber is 0.05 mbar with a H, flow of 50 sccm. The wires are
fixed at a distance of 70 mm to the substrates and the substrate heater temperat-
ure Theater 18 set to 400-450 °C. The substrates are preheated for 60 min in vacuum
prior to passivation so that they reach the desired temperature and to allow for
the desorption of any residual volatile species or moisture. Finally, treatment time
varies between 30-120 min. For further details on this technique and the effects of

H" exposure on a-Si:H thin films see the following literature [67-69].
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3.5 Optical Characterisation Techniques

3.5.1 UV-Vis Optical Transmission Measurements

The optical transmission measurements were carried out on solutions in hermetic-
ally sealed quartz tubes using two experimental setups, one for the measurement
of CPS solutions and another for TS solutions. The former measurements were
carried out using a Lambda 950 spectrophotometer from PerkinElmer equipped
with an integrating sphere in the UV-Vis range from 220-740nm and the latter
using a home-built system consisting of a xenon high pressure lamp and a Spez

25 cm double monochromator.

3.5.2 Optical Microscopy

The optical microscope used was a Nikon Eclipse L200 equipped with a Zeiss

AxioCam Mrc 5 camera and Nikon LU Plan objective lenses.

3.5.3 Electron Microscopy
3.5.3.1 Scanning Electron Microscopy

The scanning electron microscopy (SEM) images presented in this work are sec-
ondary electron contrast images and were acquired using a Zeiss LEO 1550 VP
microscope under high-vacuum conditions using an electron accelerating voltage
(EHT) of 20 keV.

3.5.3.2 Transmission Electron Microscopy

The transmission electron microscopy (TEM) images, the electron diffraction pat-
terns and the electron energy loss spectroscopy (EELS) measurements were done
on a Tecnai F20 transmission electron microscope equipped with a Gatan Tridiem
863P post column image filter. The samples were prepared using a carbon grid
which was submerged into the solution and subsequently mounted into the TEM
holder in the glove box to ensure a minimum exposure to air of about 5 min during

transfer into the microscope
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3.5.3.3 Scanning Transmission Electron Microscopy

The high-angle annular dark field scanning transmission electron microscopy
(STEM) images were recorded using a sub-angstrom beam obtained in an
aberration-corrected Titan 80-300 scanning transmission electron microscope.

Particle counting was carried out with Image.J.

3.5.3.4 X-Ray Photoelectron Spectroscopy

The x-ray photoelectron spectroscopy (XPS) measurements are carried out on a
Scienta Omicron MXPS system with an XM1000 Al-K, x-ray source at 300 W.
The spectra are collected at a base pressure of ~ 7 x 107! mbar in constant ana-
lyser energy mode with a pass energy (PE) of 100eV and a 1eV step size for the
survey spectrum and a PE of 20eV for the high-resolution narrow scan spectra

with a 0.1eV step size.

3.6 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) measurements were carried out
in order to investigate the morphology and hydrogen content of a-Si:H thin films
prior to and after H' treatment, and to study the microstructure, Si-H bond-
ing configuration and oxidation behaviour of the a-Si-NPs. In the case of en-
tirely inert measurements without N, atmosphere break, a special hermetic vessel
with a set of germanium windows was used to characterise the samples using a
Bruker Vertex 80v spectrometer. For samples that incurred an air break dur-
ing transfer, characterisation was carried out under N, purging using a Ther-
mokFischer Scientific Nicolet 5700 spectrometer. All measurements were conduc-
ted in transmission mode on double-side polished c-Si wafer substrates. For a
brief overview of the most relevant infrared active modes discussed in this work
refer to Table 4.1. More extensive identification and analysis can be found in [75,
135].
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3.7 Raman Spectroscopy

The Raman spectroscopy measurements are carried out using a Sapphire 532 nm
cw laser from Coherent and a Shamrock 303i spectrometer equipped with an iDus
420 Si CCD camera from Andor. The spot had a diameter of 1 pm and an intensity
of 0.71mW. The spectral resolution was ~ 1cm~!. The Si-NP samples consisted
of drop-coated Si-NPs on a silver coated glass substrate and the measurement
took place ex-situ at room-temperature under inert conditions in a sealed box.

The a-Si:H samples were measured under atmospheric conditions.

3.8 Photothermal Deflection Spectroscopy

Photothermal deflection spectroscopy (PDS) was used to quantify the fundamental
and sub band gap optical absorption properties of the films in terms of the ab-
sorption coefficient v as a function of energy, as well as to probe the near range
structural order of the layers as inferred from the band tail slope. PDS is an ex-
tremely sensitive technique and the measurement principle is as follows. A sample
is immersed in CCly and frontally irradiated with light of varying energy from
~ 0.4-3eV (corresponding to a wavelength in the range ~ 3000-350 nm). At the
same time, a He-Ne laser beam passes parallel to the surface of the film at a dis-
tance of ca. 50pm. The temperature of the film, and hence the heat dissipated
into the surrounding CCly is proportional to the amount of light that is absorbed
by the film at any given wavelength. The refractive index of CCly is temperat-
ure dependent so that small changes in it due to changes is absorption lead to
corresponding deflections of the laser beam traversing in close proximity to the
absorbing film. This deflection is subsequently used to arrive at a measure of the
absorbance as a function of impinging photon energy hv, which is then used to
derive the absorption coefficient « of the material for a known film thickness. The
technique’s insensitivity to pinholes and cracks in the film should be noted. The

probed spot has an area of ~ 1 x 5mm?

and an integrated irradiation power of
~ 1nW. The characterisation was carried out on a-Si:H films of thickness ranging
from 50-150 nm deposited on glass substrates using a home-made setup. For more

details on this technique refer to [136-141].
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3.9 Gas Chromatography-Mass Spectrometry

Gas chromatography-mass spectrometry (GC-MS) measurements are used to
demonstrate the effects of ultrasound and UV light on the production of lin-
ear and branched silanes of the form Si Hs, .o, with n > 3. GC-MS allows us
to temporally separate the different silanes along their path through the GC
column due to their varying degree of interaction with the internal surface of
the column. The analysis of the silanes was performed on a GC-MS system con-
sisting of a Trace GC Ultra gas chromatograph with a programmed temperature
vaporizing (PTV) injector and an I'TQ 900 mass spectrometer ( ThermoFisher Sci-
entific, Waltham, MA, USA). Analytes were separated on a FS-Supreme-5 MS Plus
column (60m x 0.25mm i.d., 0.25um film thickness, Chromatographie Service,
Germany). Helium was used as carrier gas at a constant gas flow of 1.0 mL min~!.
The oven temperature program employed for analysis of silanes was as follows:
35°C for 1min, 3°Cmin~! to 150°C, 10°Cmin~' to 340°C. Injections of 1uL
were made in the PTV injector at a split ratio of 1:20 which was then heated
up from 35°C to 250°C with 5°Cs™*. The mass spectrometer was used in the
electron impact (EI, 70eV) mode and scanned over the range 25-900 m/z with an
acquisition rate of 1 microscan (1scan/s). The transfer line and ion source were
kept at 140°C. Data processing was performed using the XCalibur 2.0.7 software
package (ThermoFisher Scientific). For more details on this analytic technique
refer to [115-117].

3.10 Nuclear Magnetic Resonance

The #Si NMR measurements were carried out on a Bruker 600 Avance NMR spec-
trometer operating at 119.23 MHz. The spectrum was collected by using 65 x 103
data points over an acquisition time of 2, with a recycle delay of 300 s and recor-

ded using inverse gated decoupling.
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3.11 Size Exclusion Chromatography

The measurements are carried out using a Polymer Laboratories PL 220 SEC in-
strument equipped with a differential refractive index (DRI) detector and a Poly-
Pore column. The instrument was operated at a temperature of 30 °C at a flow rate

of 1mLmin™".

The measurements entailed i) comparing solutions submitted to
sonication for increasing treatment times and ii) camparing sonicated solutions to
similar ones having been submitted only to purely thermal treatment at temperat-
ures typically reached during sonication. The molecular weight or more precisely,
the mass average molar mass M,, , is estimated using polystyrene (PS) standards

as molecular weight references and the formula

Y M2N,

M, = :
> M,

(3.1)
where M; and N; are the mass of the i**-molecule and the number of molecules with
that mass, respectively. The PS standards are used to calibrate the retention time,
t., that analytes require to elute through the SEC column with known molecular
weights so that a calibration curve of M, against ¢, can be made. In addition to the
PS standards, the peak for CO was also used as a reference at the low molecular
weight end of the measurement range with M, = 112.2gmol™! at ¢, = 10.1 min.
The calibration curve for the SEC measurements is shown in Figure 3.2. The
estimation of the My, of the silicon hydride polymer solutions is then achieved by
comparing the signal intensity measured by the DRI detector in the time period

over which the polymer distribution spans.

A total of two SEC measurement runs were carried out. The first series of
measurements was carried out using cyclohexene (CH) as SEC equipment solvent
in order to estimate the M, of the silicon polymer. The reason for this was that
under the experimental conditions the PS standards were found to be soluble in
CH, but not in cyclooctane (CO). Note that CO is the solvent used for the synthesis
of the CPS-derived polymer via sonication. The second series was carried out using
CO as SEC equipment solvent and was undertaken in order to monitor changes in
CPS monomer concentration, the growth of higher silanes and to investigate the

nature of the polymerisation process, i.e. to compare the effects of ultrasonic and

39



Chapter 3: Experimental

< 10%F " 3
s 3
§

;;1055' 3
.-5" 10k -
o] ]

= i

2 10° _—
o E

o9 [

2 10%k 1

5 6 7 8 9 10

Retention time ¢ (min)

Figure 3.2: Calibration curve of molecular weight diluted in cyclohexene versus retention
time calculated using polystyrene standards. The data point at 10.1 min corresponds to
pure cyclooctane with a My, of ca. 112gmol~'. The red line is simply a guide to the eye.

purely thermal treatment of CPS, respectively. The CH series had the drawback
that both unreacted CPS monomer and CO were found to elute concurrently, thus
the information on the changes in CPS concentration with increasing sonication
time were inaccessible during this run (see Section 4.2 for more details). Here an
8.8 wt% CPS solution was used and the sonication parameters were: a duty cycle
per second (DC') of 40 %, an amplitude (A4) of 60 % (= 144um), a total treatment
time of tyeay = 270min (fer = 108 min) and a steady-state process temperature
(Ty) of 65-70°C. Test samples for SEC analysis were taken from the untreated
solution and after 90, 180, 220 and 270 min of sonication, respectively. For the
CO series a 14.2wt% CPS solution was used and the sonication conditions were:
DC = 40%, A = 50% (= 120 pm), tyear = 625 min (teg = 250 min) and Ty = 70—
75°C. Here test samples were taken from the untreated solution and after 240,
390 and 625 min from the sonicated solution and after 625 min from the thermally
treated solution, respectively. The SEC samples were diluted to about 0.3 wt% to
avoid column overloading. All samples were filtered with a 0.2pum PTFE syringe
filter prior to both SEC characterisation and spin coating.
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3.12 Electrical Conductivity Measurements

The characterisation of the a-Si:H layers by electrical conductivity measurements
is carried out in order to quantify their optoelectronic performance and assess
their utility in optoelectronic devices such as thin-film field effect transistors and

photovoltaic cells.

The electrical conductivity measurements are performed at room temperature
in vacuum using a Keithley 6517A electrometer to measure current with a voltage
sweep between £ 100V. The samples are tempered at 440K for 30 min before
measurement to remove any moisture film adsorbed on the surface of the films.
The measurement configuration comprises two coplanar Ag electrodes deposited
onto the silicon coated glass with a width of 5mm and a gap between them of
0.5mm. For the photoconductivity measurements, a xenon halogen lamp with

approximate AM 1.5 illumination conditions is used.

Simple geometric considerations show that the coplanar dual-electrode architec-

ture used enables a measurement of the lateral conductivity, o, given by

I 1

— 2
0= G (3:2)

where [ is the measured current, U the voltage across the electrodes, [ is the gap
between the electrodes, w is the width of the electrodes, and d is the thickness
of the film. Films measured in the dark yield the dark conductivity, oq, and

measurement under illumination yields the photoconductivity, opn, given by
Oph = Otot — Od, (33)

where g is the total conductivity measured under illumination. The distinction
between op, and oo only becomes relevant when o, ~ 04. The photo-sensitivity

or photoresponse opr of the films is then defined as the ratio

Uph
= —. 3.4
OPR o ( )
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3.13 Optoelectronic Device Characterisation

3.13.1 Photovoltaic Cell Contacting and JV Curve
Acquisition

The cell architecture used was a n-i-p configuration on flat AZO coated glass. The
n and p-type layers were deposited via PECVD. The reason for the use of this
stacking order was that the n-type layer (on top of which the absorber layer is
deposited) is found to be more robust and less affected by the high temperatures
of ~ 450°C required for the pyrolytic conversion of spin coated i-layers or the
~ 400°C needed for the deposition of the i-layer via APCVD. The p-layer is
subsequently covered with a shadow mask consisting of several square opening of
25 mm? which define the area of the individual cells. The stack is then coated with
an ITO (indium tin oxide) layer of ~ 80nm in thickness. The cells are deposited
with a Ag grid for charge carrier extraction. The area of the ITO minus the area
shadowed by the Ag electrode (5.2mm?) gives an effective area of (19.8 mm?) for
the solar cells.

The current density (J) versus voltage (V') curves are acquired using a Keithley
238 SMU (source measure unit) and are measured under AM 1.5G illumination
conditions (100 mW cm~2, 25 °C) using a Class A WACOM WXS-140S-Super solar

simulator.

3.13.2 Characterisation of Surface Passivation Layers

The quality of the passivation of the c-Si wafer substrates was evaluated via ef-
fective minority charge carrier lifetime measurements carried out on a Sinton Con-
sulting WCT-120 photoconductance instrument in TPC mode (transient photo-
conductance) [142].
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Results

This chapter deals with the main findings of this work. It begins with a somewhat
phenomenological description of a general synthesis route for preparing a printable
silicon polymer - silicon nanoparticle composite ink using trisilane as precursor
via a combination of ultrasound and ultraviolet light. Also shown are a p-type
formulation of this ink and an ink prepared using cyclopentasilane without the
action of light. The inks are studied with a variety of techniques ranging from
the molecular level using gas chromatography and nuclear magnetic resonance to
the microscopic scale using size exclusion chromatography as well as scanning and
transmission electron microscopy. The various inks are subsequently used to de-
posit hydrogenated amorphous silicon thin films via spin coating and atmospheric
pressure chemical vapour deposition. The morphology, optical absorption, and band
gap properties of the films are characterised using infrared and photothermal de-
flection spectroscopy. The films are also characterised electrically via dark and
photoconductivity measurements. Finally, the utility of the thin films for optoelec-
tronic devices is demonstrated by fabricating n-i-p thin-film solar cells and surface

passivation layers.

4.1 Synthesis of Polysilane Inks from Trisilane

4.1.1 Ultraviolet Irradiation of Untreated Trisilane
Solutions

As discussed previously, lower linear and branched silanes of the form Si Hg, o,

with 3 < n < 5, are rather insensitive to irradiation by UV light. This makes
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the synthesis of a higher silicon hydride from trisilane (TS) by photochemical
means alone a challenging task due to the long irradiation times needed and the
low polymer yields that result. It is known, however, that higher order silanes
as well as “crude” silane mixtures composed of different silanes exhibit higher
photosensitivity. This leads to enhanced rates of photochemical decomposition
reactions of the respective silanes and hence a greater yield of both additional
higher order silanes (in the present case higher than TS) and higher silicon hydride
polymer [41, 64].

A number of tests were carried out using untreated solutions of TS to investigate
its photosensitivity. For instance, an initially transparent 1 mL T'S/CO solution of
37wt% can be irradiated with 365 nm UV light with an intensity of 80 mW cm ™2
for ~ 50hr before a slight colour change towards clear lemon-yellow is discern-
ible. This colouration if associated with a higher silicon sub-hydride of the form
-(SiHy),, with 1 < x < 2 [26, 46] However, all attempts at fabricating a thin film
via spin coating using solutions submitted to solely UV treatment were unsuccess-
ful. In contrast, identical solutions subjected to prior treatment with ultrasound
(amplitude A = 192 pm, duty cycle DC' = 80 %, sonication time tg ~ 250 min)
exhibit a lemon-yellow tinge after just 5-6 hr of UV irradiation and are typically
suitable for spin coating or deposition via APCVD after another ~ 20hr of UV

exposure.

4.1.2 Ultrasonic lrradiation of Trisilane Solutions

The inability to prepare a spin-coatable ink using UV treated TS solutions war-
ranted the search for a method capable of producing a coatable ink or, at the
very least, increasing the photosensitivity of TS to allow for the accelerated syn-
thesis of a high molecular mass, low volatility silicon hydride polymer suitable for
deposition via another technique such as APCVD.

To this end, solutions of TS in cyclooctane (CO) of between 30-50 wt% are
prepared in glass vials and sonicated at 26 kHz with A ranging from 140-240 pm
and DC' of 60-80%. In order to mitigate the evaporative losses accrued when TS
solutions are sonicated at typical process temperatures of between 40-65 °C which
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Figure 4.1: Photographs depicting the colour and opacity changes of a typical 30-50 wt%
TS solution after about 45 min of sonication at process temperatures between —10°C and
65°C using tip amplitudes of 140-240 wm. In general, the final colour and opacity, and
the speed at which they are reached depends on a combination of sonication time, tip
amplitude, and TS concentration.

are reached without the use of active cooling, the sonication is usually carried out
in the temperature range —5-10°C using the Peltier cooling system described in
Section 3.2.

As schematically illustrated in Figure 4.1, the sonication leads to visible changes
of an otherwise initially transparent T'S solution. Within the first 15 min of ul-
trasonic treatment time (fyg), which correspond to an actual sonication time, tg,
of ~ 7min, a slight colour change is already evident as a clear beige tinge. After
about 30 min (ts ~ 15min) the solution has turned a clear vanilla colour. Under
continued sonication the solution progresses through further colour changes from
light orange, dark orange, maroon, and finally dark brown. If sonication if halted
at any stage and the solution is allowed to settle, one discovers that it tends to
increase in transparency and an accumulation of particles is observed at the base
of the vial.

The colour variation of the solutions upon sonication is found to be caused by
the synthesis of silicon nanoparticles (Si-NPs), the properties and details of which
are discussed at length in Section 4.3. In general, for standard 30-50 wt% TS
solutions (initially transparent) sonicated with an A of 140-240 pm one finds that
the concentration of particles increases with increasing tys. This, in turn, results
in the progressively darker colour and decreasing transparency of the solution.

The solutions are observed to acquire a light-beige colouration within the first
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1-2 min, thereafter gradually turning light brown and finally dark, opaque brown
after ~ 45min (see Figure 4.1). Variation of the DC simply results in changes
to the time required to reach a particular colouration or opacity, i.e. is depend-
ent on the particle and/or agglomerate production rate. Once the solution has
reached a dark brown colour, sustained sonication results in a further darkening
of the solution, on occasion even reaching an opaque brown-grey colour. After
treatments for tg >~ 45 min, once sonication has been halted an accumulation of
Si-NP agglomerates at the base of the glass vial is usually observed. It should be
mentioned that the sonication of pure CO, the organic solvent used to dilute the

TS, does not result in any discernible production of particulate material.

For relatively short tg of less than ~ 20 min, the particles or particle agglomerates
appear to the unaided eye as a fine powder and the solutions are predominantly
transparent, albeit possessing different shades of brown. For longer ts exceeding
~ 50min, the agglomerates are noticeably larger and solutions turn darker and
more opaque. Depicted in Figure 4.2, are SEM images on c-Si substrates of spin
coated particles from relatively long syntheses of tg > 80 min where the solution
was dark brown. Shown in the low-magnification image (a) is a section of a par-
tially interconnected film of micron-sized particles exceeding 20 pm. Upon further
magnification, image (b) shows the high surface area and porous morphology of
the particles. Zooming in further, image (c) reveals the presence of even smaller
nano-sized particles on the parts of substrate not covered by the larger porous

particles.

In contrast to particles synthesised after long treatments, short sonication runs
of ts < 15min result in higher quantities of isolated nano-sized particles and sig-
nificantly fewer micron-sized particles that do not surpass about 3um. As shown
in the SEM images of Figure 4.3, again with increasing magnification from left to
right, the wide field image in Figure 4.3a shows that presence of fewer and smaller
~ 100nm sized particles as compared to those visible in Figure 4.2a for longer
ts. Upon further magnification Figure 4.3b and Figure 4.3c demonstrate that the
particles are noticeably smaller, rounder and more isolated from each other. Once
more, much smaller particle in the range ~ 10 nm are also discernible. Also visible
is a featureless thin film covering the space between the particles, more clearly

apparent in image (c) as the slightly darker regions surrounding the particles.
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(a)

Figure 4.2: SEM images depicting the morphology of spin coated particles on a c-Si
substrate. The particles result from relatively long syntheses of tg > 80 min and where the
solution is not filtered. Upon increasing magnification from (a) to (c), the micron-sized
particles are seen to be highly porous and the existence of even smaller nano-sized particles
on the substrate is also apparent in sections not covered by the larger agglomerates.

We are hence able to attribute the colour changes that take place with increasing
sonication time to the creation of solid particles. A correlation is found between
the progression of colouration to darker colours and increasing colloid size (isolated
particles or agglomerates) and/or particle concentration, where e.g. the lighter col-
ours such as clear vanilla or light orange correspond to smaller colloids (< 200 nm)
and the darker ones such as opaque brown to the additional presence of larger
colloids with sizes > 10 pm. In general, solutions become darker and more opaque
with increasing amounts of dispersed particles; this is observed even in solutions
composed of concentrated amounts of smaller particle agglomerates that have been

collected from several short sonication runs.

As shown in Figure 4.4a, the surface morphology of larger particles appears to be
littered with fused particles of various sizes. For instance, observable in the central
region of the image is a collection of ~ 100 nm sized particles in a porous formation
and on the bottom right hand corner a larger ~ 500 nm sized particle with smaller
< 80 nm sized particles on its surface. It is suggested that under certain conditions,
larger particle agglomerates/aggregates in the micron range might be formed as
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il

(a) (b)

Figure 4.3: SEM images depicting the morphology of spin coated agglomerates prepared
in short sonication times of ~ 15 min where the colour of the solution was clear vanilla.
(a) Well dispersed islands of colloids not exceeding about 1pm after deposition. (b)
Zooming in reveals that the largest agglomerates are of the order of 400nm. (¢) Smal-
ler Si-NPs and a thin featureless film of slightly darker complexion covering the spaces
between agglomerates (also discernible in (b)).

a result of local sintering during inter-particle collisions between initially smaller
nano-sized particles [94].

The question arises as to the composition and morphology of the particles. Since
no discernible reactions take place in solutions comprising solvent alone one would
naturally expect that the particles produced using TS solutions should, at least in

part, be composed of silicon.

For completeness, it should be mentioned that there is no evidence suggest-
ing that large quantities of titanium are eroded from the ultrasonic horn during
sonication, especially in the short treatment times needed for pre-treatment with
ultrasound (~ 1hr). Nevertheless, in order to rule out the possible effects of sens-
itization with Ti particles in solution, the following experiment was carried out.
Pure cyclooctane solvent is sonicated for a total of 2hr before diluting trisilane
in it. Thereafter, the TS/CO solution was irradiated with UV light and showed
absolutely no colour change even after 55hr, the same behaviour an untreated
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Figure 4.4: (a) High magnification SEM image of the surface morphology of micron-
sized Si-NP agglomerates. Such particles typically possess a porous and disordered struc-
ture and appear to be composed of smaller ts that appear to have been fused together under
sustained ultrasonic irradiation. (b) Coral-like Si-NP agglomerate prepared by drop coat-
ing and after annealing at 450 °C for 20min. (¢) Close-up SEM image highlighting the
retained high surface area and corpuscular morphology of annealed Si-NP agglomerates.

TS/CO solution shows upon UV irradiation. It is hence concluded that if Ti
particles are eroded during sonication, that these do not function as catalysers or

photosensitisers during the UV irradiation of trisilane.

As will be considered below in more detail in the context of UV irradiation of TS
solutions, the role of the Si-NPs is still a matter of investigation and the enhanced
photosensitivity to UV light of sonicated solutions may involve the particles in-
creasing the reaction cross section due to light scattering or concerted reactions at

their surfaces in direct contact with the silane mixture.
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4.1.3 Irradiation of Sonicated Trisilane Solutions with UV
Light

We now investigate the effects of irradiating already sonicated TS solutions with
UV light. As demonstrated previously, approximately ~ 50 hr of photolysis are
required to detect visible changes to untreated TS solutions. Subsequent attempts
at spin coating thin films using these solutions were unsuccessful. As was shown in
Section 4.1.1, however, UV irradiation eventually does result in the formation of
higher silanes. In principle, this makes deposition via APCVD using TS solutions

subjected to extended UV treatment alone also possible.

Solutions that have undergone ultrasonic treatment for ~ 90 min (corresponding
to ts ~ 45 min) so that they appear opaque brown are typically used for subsequent
photolytic treatment using UV light (Figure 4.5). Here 30-40 hr of UV treatment
is required to produce a spin-coatable ink. However, longer sonication runs with
ts ~ 300 min result in clear, light lemon yellow coloured solutions after filtering,
without the action of UV light. This suggests that sonication alone can lead to
discernible quantities of the highly branched silicon hydride polymer associated
with the yellow colouration. In contrast to untreated TS solutions or sonicated
solutions with tg ~ 45 min, these solutions reach an intense lemon yellow colour
after just ~ 6hr, where continued irradiation for between 20-30hr results in a

spin-coatable ink.

It can also be shown that the presence of particles larger than 100nm is not
strictly necessary for the preparation of the ink. For instance, a T'S/CO solution
is submitted to a sonication for ts = 50 min after which it is opaque brown. The
solution is subsequently filtered with a 0.1 pm PTFE filter to remove all particles
exceeding 100nm in size and is then irradiated with 365nm UV light. After
approximately 24 hr a tinge of yellow is discernible and after 35-40 hr the solution

takes on the familiar bright lemon-yellow colour.
It hence appears that the presence of at least one of the following three constitu-

ents is required for the preparation of the printable ink with shortened subsequent

UV irradiation. The first species that might be required are particles of various
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hv + filtering

tyy = 20-40 hrs

Figure 4.5: Steps required to arrive at a printable ink using a TS solution. After a
sonication time tg of about 45 min, an opaque brown solution is irradiated with UV light
for between 20-40 hr with a magnetic stirrer and is subsequently filtered with a 0.1 pm
PTFE filter. The resulting solution exhibits a clear, lemon-yellow colour and can be used
to deposit thin films of silicon hydride polymer. In general, the intensity of the lemon-
yellow colour and the irradiation time after which it is observed (after filtering) depends
on a combination of tg, tip amplitude A, and TS concentration cpg.

sizes. As mentioned above, sonicated opaque brown solutions that appear clear
beige after filtering also yield similar inks in comparably short UV treatment times.
This suggests that particles smaller than 100 nm could play a role, but does not
rule out potential contributions from larger particles, e.g. photochemical reactions
at their surface. Secondly, the enhanced photo-initiated polymerisation may be
attributed to lower silanes higher than TS of the form Si,Hs, 5 (both linear and
branched). Thirdly, the presence of a higher silicon hydride or hydridosilane of the
form -(SiH,),- might be responsible for promoting the growth of a particular class
of silicon sub-hydrides responsible for the lemon-yellow colouration observed after
treatment with UV light.

We observe mostly light out-gassing or bubbling, but at times also intense bub-
bling of the solution upon reopening the vial after UV irradiation. The gaseous
species that are released were not collected for analysis in the present work, but
they are believed to be one or a combination of either H,, SiH,, SipHg. With
reference to Figure 4.10, a Si;Hg (disilane) singlet was recorded in the »Si NMR
spectrum of a sonophotolytically treated solution, indicating that some disilane
was still dissolved in the liquid during characterisation.
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Figure 4.6: Scheme summarising the processing steps for the fabrication of the T'S based
ink in Ny atmosphere. The initial treatment of a TS solution with ultrasound (US) leads
to the production of a homologous series of silanes (SiyHy, 5 with 3 < n < 9), small
amounts of a higher silicon hydride (-(SiH,),-) and silicon nanoparticle(s) (Si-NP(s)).
The solution can be centrifuged or filtered and then used to prepare a Si-NP suspension.
Alternatively, the solution can be subsequently irradiated with UV light. This results in the
further growth of -(SiH,),- and the production of gaseous by-products such as disilane.
As an example, the fabrication of a-Si:H thin films via spin coating or APCVD with
subsequent H" treatment is provided.

4.1.4 UV-Vis Transmission Measurements

The colouration of treated TS solutions was alluded to in the previous chapter
and is a central consequence of the chemical changes undergoing in the solution
upon irradiation with both ultrasound and UV light. The following transmission
measurement results aim to elucidate some of the optical effects observed during

the preparation of the polysilane ink.

As mentioned previously, undiluted and untreated TS, as well as CO solutions
thereof are almost completely transparent for visible and UV light. Shown in
Figure 4.7 are UV /Vis transmission (7) spectra as a function of wavelength X
for untreated TS and two treated TS solutions. Also shown in the plot is the
position of the 365 nm wavelength LED laser array used for the UV treatment.
The cyan curve corresponds to pristine trisilane and was derived from absorption
measurements by Fehér [32]. This explains why untreated TS is insensitive to the
UV light used in the experiments and helps clarify why the polymerisation via
UV treatment alone proceeds at such a slow rate. In stark contrast, the brown

curve at the bottom at the bottom of the plot corresponds to a sonicated solution
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Figure 4.7: Transmission (T) measurements as a function of wavelength \ carried out
on treated and untreated solutions in hermetic quartz tubes. The cyan curve shows the T
of untreated trisilane as derived from absorption measurements by Fehér [32]. The line
shows that trisilane is essentially completely transparent in the spectral range from 275—
475nm. The brown curve corresponds to a solution sonicated for 200 min and the yellow
curve is for the same solution after 680 min of irradiation with UV light and subsequent
filtering. The vertical dashed line corresponds to the 365nm UV laser diode array used
in the fabrication of the ink.

which appeared dark opaque brown to the naked eye and evidently absorbs most
incoming light in the shown spectral region. This solution underwent sonication
for tg = 200 min. This solution exhibits a transmission 7' < 5% throughout the
entire range and at 365 nm, T drops to less than ~ 0.5 %. The fact that sonicated
solutions exhibit such high absorbance, with over 99% of incoming light being
absorbed, helps explain why they demonstrate enhanced photosensitivity upon
irradiation with 365 nm UV light.

The yellow curve corresponds to the measurement of a clear lemon-yellow solu-
tion that results upon subsequent irradiation of the sonicated solution with UV
light for 680 min and filtering with a 0.1 pm PTFE filter. This solution likewise
demonstrates enhanced absorption over a wide spectral range. In particular, for

wavelengths of 420 nm and below the solution transmits < 2% of incoming light
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and at 365nm has a transmission T of ~ 0.1 %. The curve also shows an absorp-
tion edge beginning at around 475nm down to 420 nm, where the transmission
remains relatively flat at a value of around 0.1 %. These results also explains why
the finished ink has a lemon-yellow colour, the reason being that all wavelengths
> 450nm corresponding to the blue region of visible light are strongly absorbed

and hence the transmitted or reflected light appears yellow.

Lastly, the transmission measurements reveal the surprising result that yellow-
lemon solutions possess comparable, if not superior, absorption for wavelengths be-
low 420 nm, precisely in the range of the UV light used to photolytically polymerise
previously sonicated solutions. This finding suggests that it should be possible to
mix in a small amount of highly absorbent ready-to-use ink into an untreated TS
solution to function as “seed” to enhance the rate of photo-induced polymerisation.
This has indeed been attempted and successfully used to prepare new solutions via
UV irradiation in shorter times than those required with untreated TS solutions,
but without the need for additional treatment with ultrasound. For example, in-
stead of a 1.2mL, 31 wt% TS solution requiring ~ 50hr to turn lemon-yellow, a
solution that was prepared with 25vol% of a similar, but already lemon-yellow

solution requires just 30 hr to reach a comparable colouration.

4.1.5 Gas Chromatography-Mass Spectrometry

In order to highlight the distinction between photolysis and sonication, and the way
they modify TS at the molecular level, gas chromatography - mass spectrometry
(GC-MS) was applied to characterise treated and untreated TS solutions. The
method enabled the detection of TS and higher order silanes, both linear and
branched of the general form Si Hy, o with 3 <n < 9.

Plotted in Figure 4.8 are a number of gas chromatograms depicting the re-
lative abundance of the various generated lower and higher order silanes as a
function of retention time for various treated and untreated TS solutions. To fa-
cilitate the visualisation of silicon-containing molecules only, the plot shows ion
chromatograms of molecular species in the retention time range from 2-40min

with mass-to-charge ratio (m/z) in the limited mass range between 114-120 amu.

54



4.1 Synthesis of Polysilane Inks from Trisilane

117
/S'SH /EiGHM

3 SC4H10 /S'Sle SiHy G

= |

= Tl 8 ig

> Ll '\_’\ [l i (d)

]

(@]

C

[}

©

C

=)

e}

]

[}

2

% || . i (c)

r — A A s (b)
[— Il A.I‘ - y 1 1 1 (a)

6 12 18 24 30 36
Retention time £ (min)

Figure 4.8: Gas chromatograms depicting the effects of UV irradiation, ultrasonic treat-
ment, and a combination thereof on TS solutions. Chromatogram (a) corresponds to
pristine TS, (b) shows that 120 min of UV irradiation yields little to no higher silanes,
(¢) depicts the dramatic effects of 120 min of US on the production of higher silanes up to
octasilane (SigH;g), and (d) shows the slight, yet detectable reduction in the concentration
of most silanes after irradiating sample (¢) with UV light for 120 min.

This has suppresses most hydrocarbon peaks, in particular the broad signal from
17.5-19min corresponding to the solvent (CO). Three identical untreated solu-
tions consisting of TS diluted in CO to 47 wt% were prepared, one of which was
used for the acquisition of the reference chromatogram (a) (black) corresponding
to pristine TS as measured using GC-MS. The first and most intense peak on
the left at around 4.4 min corresponds to T'S and has been cropped at the top of
each chromatogram. It is immediately evident that even a pristine TS solution
contains small amounts of higher silanes up to hexasilane (SigH4), however, the
combined total relative concentration of these being extremely low at an estimated
0.01rel%. The iso-silanes or i-silanes for short, i.e. silanes possessing at least one
branching point, are expected to elute faster through the CG column than their
linear counterparts, the n-silanes. This is due to the greater degree of interaction
of a linear molecule with the inner surface of the column or equivalently, due to
the lower effective interaction surface of branched molecules with the column walls

as a result of steric hindrance.
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The results of irradiating a TS solution with UV light for 120 min is shown in
chromatogram (b) (red). Here, little to no production of higher silanes is ob-
served. In stark contrast, chromatogram (c) shows the effect of submitting an
identical T'S solution to 120 min of sonication at —5-10°C, where the production
of higher silanes from tetrasilane (SigH;q) through to octasilane (SigH;g) is clearly
evident. The silanes are observed to elute in approximately equispaced groups,
which is indicative of a homologous series [30, 143]. This simplifies their identific-
ation, where in general the first peak of each group corresponds a more compact
branched i-silane with less affinity for the column material, e.g. i-SiyH;q, i-SisH;q,
etc. On the other hand, the last member to elute is the linear member, i.e. n-
isHyg, n-SisH;s, etc., exhibiting the strongest retention. Sonication is thus found
to yield far superior yields compared to irradiation by UV light. Chromatogram
(d) (blue) corresponds to the same solution depicted in (c), but in addition to the
US treatment, it was subsequently submitted to 120 min of UV irradiation. Close
inspection of the peaks reveals a general decrease in intensity after irradiation.

This is most clearly apparent for the hexasilane (SigHy4) peaks.

This observation suggests a plausible explanation for the observed photolytic
synthesis of high molecular mass polymers in much shorter times when a sonic-
ated TS solution is used instead of an untreated one. It appears that the presence
of additional silanes might be responsible for the rapid synthesis of still higher sil-
anes in the homologous series as well as higher hydridosilanes of the form -(SiH,),-
not measurable using this technique, but inferred from the lemon-yellow colour-
ation of the ink. As reported by Fischer, the higher the order of the silane, the
higher its photosensitivity becomes [41]. Moreover, he observed that crude silane
solutions containing a mixture of different silanes are more sensitive to UV light
than pure solutions of the respective silanes. Hence, one of the effects of ultra-
sound in the solution is the generate silanes other than TS and thereby ultimately
enhancing the conversion efficiency into low volatility polymer products. As will
be discussed at length in a subsequent, the other effect that ultrasound brings
about is the generation of Si-NPs, which may also have a role to play in enhancing

the photosensitivity of sonicated solutions.

As illustrated for selected silanes in Figure 4.9, the respective silanes can be

identified by their characteristic mass spectra. The fine structure evident in each
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Figure 4.9: Several exemplary mass spectra corresponding to selected silanes from the
chromatograms in Figure 4.8. The spacing between silicon clusters is approzimately
32amu, corresponding to the atomic mass of an intact monosilane molecule.

cluster is related to the occurrence of natural silicon isotopes and well as molecular
fragmentation and hydrogen evolution in the mass spectrometer itself. The relative
intensity differences between the clusters and in the clusters themselves is simply
related to detection frequency. For instance, intact trisilane molecules with a
mass of ca. 92amu are observed to endure ionisation during detection in the
spectrometer, while hexasilane and octasilane with a mass of ca. 182amu and
242 amu, respectively, almost completely fragment into lower silane clusters during
the detection process. This phenomenon also highlights the instability of silanes,
where this type of fragmentation is not observed, for instance, in the more stable

and structurally analogous alkanes.

4.1.6 Nuclear Magnetic Resonance

In order to examine the molecular structure of the finished silicon hydride polymer

ink nuclear magnetic resonance (NMR) is used. NMR is useful in this regard in
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Figure 4.10: ?°Si NMR spectra of the finished silicon ink with TS as precursor after
sonication and UV irradiation (blue) and for comparison purposes that of a CPS-based
polymer solution prepared via UV irradiation. The abscissa has been subdivided into three
ranges corresponding to the -SiHg, -SiH, and -SiH groups. The peaks for unreacted TS
(cropped at the horizontal line in the middle), disilane (DS) and unreacted cyclopentas-
ilane (CPS) were not included in the calculations.

that it allows for an inspection of the presence or absence of characteristic Si-H and
Si-HSi bonding configurations. These include the -SiHj, -SiH,, -SiH and Si,-Si-Siy
groups, the latter of which refers to a fourfold-coordinated Si atom.

Figure 4.10 shows *?Si NMR spectra of a silicon ink prepared from a 40 wt%
TS solution by sonolysis for ts = 90min and UV irradiation for 28 hr and an
ink prepared from cyclopenasilane (CPS, SisH;o) by UV irradiation of a 9wt%
solution for 135 min. The abscissa has been subdivided into three distinct regions
associated with the SiHs, SiH,y, and SiH groups mentioned previously. Note that
no fourfold-coordinated Si was detected. A calculation of the integrated intensities
of the peaks in these three regions reveals that the TS ink has an SiH3:SiH,:SiH
ratio of approximately 4:4:1, while the proportionality for the CPS ink is 3:2:0.
This demonstrates that the polymer in the TS ink possesses simple one-sided
branching points of the form (SiH)-Siz- and not double-sided branching point (since
no Siy groups were detected). On the other hand, the CPS-based ink exhibits no
branching and hence the dissolved polymer can be described as a polydihydrosilane

with the generic form -(SiH,),- consisting of predominantly linear chains.
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4.1.7 Pyrolytic Treatment of Trisilane Solutions

Without active cooling during sonication, TS solutions are unintentionally heated
up by the ultrasonic horn in direct contact with the bulk of the liquid. For typical
sonication parameters with a maximum amplitude at the tip of 25-45pum and a
duty cycle of 2040 %, and without the aid of active cooling, solutions reach process
temperatures of 45-75°C. The typical process duration is between 80-180 min.

A number of experiments are carried out in order to test whether TS will react at
these relatively low temperatures. In particular, it was investigate whether particle
formation or colour changes of any sort are discernible upon prolonged thermal

treatment at the typical process temperatures encountered during sonication.

For instance, a 1.2mL TS solution in CO diluted to 25wt% is heated up to
between 60-65°C. After about 2 hr fresh TS is added to offset evaporative losses
and restore the solution to its original volume. The loss of volume is attributed
to preferentially evaporated TS due to its much lower boiling point of bp = 53°C
compared to bp = 151 °C for CO. The solution is heated for a total of 700 min,
after which no colouration or particulate matter is observed. The solution is sub-
sequently used to attempt to deposit a thin film of silicon hydride polymer on a
glass substrate via spin coating. Poor wetting is noted and no layer is discernible

on the substrate.

Heating of similar solutions at lower temperatures of between 40-50 °C for sev-
eral hours results in somewhat slower evaporation of the solution, albeit yielding

the same negative end result of no colouration or particle formation of any kind.

The aforementioned attempts at pyrolytic polymerisation or decomposition of
TS at such low temperatures are somewhat unsurprising in light of the fact that
previous studies have shown that TS only begins to decompose at temperatures
exceeding 260°C [34, 35, 42]. These results clearly indicate that the observed
phenomena are not thermically initiated due to the temperature of the solution
itself, but rather that they must necessarily stem from acoustically-induced effects.
The reader may refer to similar discussions in connection with sonicated CPS
solutions (Section 4.2.1) and Si-NP synthesis from TS (Section 4.3).
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4.1.8 Preparation of p-Type Inks using Decaborane and
Trisilane

Following the general guidelines for the preparation of doped polysilane inks from
cyclopentasilane (SisHjo) and neopentasilane (Si(SiHj),) found in the literature
[13, 14], in this section a simple recipe for the synthesis of a p-doped formulation
of a polysilane ink using T'S and decaborane (DB, BjyHyy) is outlined.

Prior to usage, DB (bp = 213°C) is purified via sublimation using a pair of glass
petri dishes. Small quantities of DB are placed on the base dish and covered by an
inverted upper dish. The dishes are then slowly heated up to about 250 °C upon
which a white vapour fills the confined volume. After some minutes the upper dish
is removed and a thin layer of condensed DB is found on its base. The purified DB
is subsequently scraped off and collected for use. This procedure can be repeated

several times depending on the amount required.

Typically, 40 wt% TS/CO solutions of ~ 1.2mL are prepared and mixed with
42-85mg of DB giving solutions with DB concentrations of 1-2 wt%. The mixture
is then submitted to sonication for t5 ~ 50min at process temperatures ranging
from 5-20°C. Next, the mixture is irradiated with 365nm UV light for about
20 hr. Finally, the solution is filtered with a 0.1 pm PTFE syringe filter after which
it appears clear light lemon yellow. The use of DB in concentrations exceeding
about 3wt% is found to result in solutions that do not produce usable inks after
UV irradiation. As of this writing, the reason for this observation has not been
clarified.

In this study, the p-type ink is exclusively used for the deposition of thin films
via APCVD in N, atmosphere and no attempt at developing a spin-coatable ink
was undertaken. The results of characterisation via electrical conductivity meas-
urements of the highly conductive layers that can be fabricated using the p-doped

ink can be found in Section 4.5.3.
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4.1.9 Summary of Polysilane Ink Synthesis from Trisilane
Precursor

The main objective of developing a general recipe for the synthesis of a silicon
polymer ink or as it turns out, a silicon polymer - silicon nanoparticle composite
ink using a combination of sonolytic and photolytic treatment in relatively short
times has been demonstrated. In general it is found that solutions submitted to

longer ultrasonic treatment times require shorter post-treatment with UV light.

The method involves an initial sonication step that exploits the chemical effects
associated with acoustic cavitation. Sonication leads to the production of silicon
colloids which vary in size from several nanometres to several microns. Apart
from macroscopically observable changes to trisilane solutions in the form of colour
changes and accumulation of particulate matter at the base of the reaction vials,
SEM and TEM were used to ascertain both the existence of isolated nanoparticles,

as well as their chemical composition.

We showed that untreated trisilane solutions are transparent and rather insens-
itive to irradiation with 365nm ultraviolet light, where it was not possible to
prepare a printable ink via photolysis in the same amount of time as that needed
for similar solutions submitted to prior sonication. The findings point towards
the need for the presence of UV “photosensitisers” that enhance the absorbance of
the solutions and hence allow for a more rapid preparation of the polysilane ink
from trisilane. The species responsible for the enhanced photosensitivity could be
the higher order silanes that are generated upon sonication. This proposition is
consistent with observations made by Fischer [41] where crude silane solutions con-
taining a mixture of different silanes were found to be more sensitive to UV light
than pure solutions of the respective silanes. The role of the silicon nanoparticles
is still a matter of investigation, where they too might contribute to enhancing
the photosensitivity by increasing the reaction cross section due to light scattering
or via concerted reactions at their outer surfaces in direct contact with the silane

mixture.

Analysis via gas chromatography - mass spectrometry demonstrates that com-

pared to ultraviolet treatment, the initial sonication step is an effective way of
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generating a homologous series of silanes from tetrasilane up to octasilane. In
fact, ultraviolet light alone yielded no higher order silanes under the conditions in

which the experiments were performed.

Although observation by the unaided eye of colouration changes in solutions
subjected to sonication point to the production particulate matter, it was through
scanning and transmission electron microscopy that the existence of micro and
nanoparticles could be definitively ascertained. The particles are found to be
amorphous and range in size from ~ 5nm to agglomerates of 10 um or larger.
Electron energy loss spectrometry and Fourier transform infrared spectroscopy
reveal that the particles are composed of unoxidised elemental silicon and bonded

hydrogen.

Irradiation of sonicated trisilane solutions with ultraviolet light produces an ink
possessing a clear, lemon-yellow colour. With reference to known literature [46]
concerning the observed colouration and in conjunction with nuclear magnetic res-
onance measurements, the growth of a branched higher silicon sub-hydride polymer
of the form -(SiH,),-, with 1 < x < 2 is indirectly inferred. The ready-to-use trisil-
ane based ink was hence found to consist of three main types of silicon-containing
species, namely a homologous series of silanes, a silicon hydride polymer and silicon

nanoparticles.
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4.2 Synthesis of Polysilane Inks from
Cyclopentasilane

As discussed in Chapter 2, cyclopentasilane (CPS, SisH;y) was the first precursor
used to demonstrate the preparation of a-Si:H thin films from a liquid silane. The
method employed by Shimoda et al. involved the irradiation of CPS with UV light
to initiate the growth of a high molecular weight polymer via light-induced ring-
opening polymerisation (ROP). In the following an alternative method of preparing
a spin-coatable ink from CPS based on ultrasonic means is demonstrated, and not
requiring the action of UV light at any stage of the processing.

Solutions of CPS diluted in CO can be prepared of various concentrations. How-
ever, these typically have rather low CPS content compared to TS in TS/CO solu-
tions due to monomer cost considerations (see Introduction). Inks used to produce
a-Si:H thin film via spin coating are usually prepared in 0.5-1.0 mL batches of
8-15wt% and require an ultrasonic treatment time tyg of between 270-600 min
depending on the duty cycle employed. This corresponds to an actual sonication
time tg of 100-300 min. The maximum amplitude at the sonotrode tip is usually
120-145pm. The process temperature during sonication when no active cooling
of the solution is used is typically limited to < 70°C to avoid additional con-
tributions from thermally-initiated decomposition reactions of CPS. With active

cooling, sonication is usually carried out at 20-40°C.

As-mixed CPS/CO solutions are initially transparent, but go through colour
changes as sonication progresses (see Figure 4.11). After ts ~ 7hmin a clear,
slight vanilla-yellow colouration is discernible. The colouration remains essentially
the same until tg ~ 100 min where the solution begins to show signs of turbidity.
For increasingly long ts > 250 min, the solution is usually opaque milky white
indicating the precipitation of high molecular weight polysilanes out of solution.
After sonication the solution is filtered to remove insoluble precipitates. The solu-
tion is now transparent and usually remains so for about 30 min, after which it
becomes turbid once again (without any further irradiation). This indicates rather
poor solubility of the polysilanes in CO and can, in principle, be mitigated by us-
ing a higher concentration of CPS in the solution since the polysilanes are known

to be soluble in the unreacted CPS monomer itself.
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Figure 4.11: Photographs depicting the colour and transparency changes of a typical
30-50wt% CPS solution after about 300 min of sonication at process temperatures 70—
75°C using tip amplitudes of 120 pm. In general, and as is the case for TS solutions,
the colour and opacity changes, and the speed at which they are reached depends on a
combination of factors such as sonication time, tip amplitude, and CPS concentration.
After filtering, CPS solutions usually remain transparent for ~ 30 min before becoming
turbid once again.

4.2.1 On The Non-“Macrothermal” Nature of the Sonolytic
Treatment

It is a well-established fact that silane molecules can be pyrolytically decomposed
into lower and higher silanes via disproportionation reactions [42]. For TS, for
instance, the threshold temperature has been reported at 260°C [34]. However,
silanes such as cyclopentasilane (SizH;o, CPS) are also known to undergo slow poly-
merisation over several months even at room-temperature. In order to investigate
whether the polymerisation process initiated via sonication is thermal or sonocata-

lytic in nature, a number of experiments with both TS and CPS were carried out.

In general, the temperature of a solution rises during ultrasonic treatment. This
unintentional heating is caused by friction of the horn with the liquid and the injec-
tion of sonic power. Without the aid of active cooling a steady-state temperature
of anything between 30-100 °C reached after about 20 min which is found to de-
pend on the amplitude (A), duty cycle (DC'), the immersion depth of the tip in the
solution, and the volume of liquid being sonicated. Typically, active cooling during
sonication enables the temperature of the solution to be held between —15-40°C.
The temperature of the solution is referred to as the “macroscopic” temperature of
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Figure 4.12: Transmission (T) spectra of various CPS solutions in the wavelength range
from 220-740 nm. Shown in blue is the curve for untreated CPS, the red curve corresponds
to a CPS solution thermally treated at 75°C, the dashed black curve corresponds to a
CPS solution sonicated at the same process temperature of 75°C, and the solid black line
corresponds to the sonicated solution after filtering. Since cyclooctane is the solvent used
to dilute the CPS monomer, the T of pure cyclooctane is included as reference (dashed
grey curve).

the solution when being discussed in the context of the mechanism responsible for
the polymerisation of CPS and to differentiate it from the inferred and localised

“microscopic” temperature of the hot spot generated at imploding microbubbles.

4.2.1.1 UV-Vis Transmission Measurements

In order to spectrally study the aforementioned colour and transparency changes
that are observed after sonicating CPS solutions, as well as to show that the
initiation of the polymerisation is sonocatalytic and not macrothermal in nature,
additional ultraviolet-visible optical transmission measurements were conducted

on treated and untreated solutions.

Shown in Figure 4.12 are the transmission spectra from 220-740nm of an un-
treated CPS solution (blue), a solution pyrolysed at 70-75°C for 625 min (red), a
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solution sonicated at this same process temperature for the same amount of time
(dashed black), and of the same sonicated solution after filtering (solid black). The
fact that the blue and red curves again overlap demonstrates that the solution
remains essentially unchanged after pyrolysis. This suggests that no polymerisa-
tion via thermally activated bond cleavage has taken place. The solution remains
transparent in the whole visible range, consistent with an absorption edge at about
320nm. On the other hand, the sonicated solution prior to filtering had become
milky white and its transmission spectrum indicates that it is almost completely
opaque. After filtering out the precipitated polymer, the solid black line shows
that the solution appears transparent once more. However, the absorption edge
has now shifted to about 400 nm indicating that higher silicon hydrides have been
formed [57].

4.2.1.2 Comparison of Pyrolysis and Sonolysis of Cyclopentasilane
Solutions via Size Exclusion Chromatography

In order to scrutinise the nature of the polymerisation process further, CPS is
chosen since it constitutes a more sensitive molecule which is known to poly-
merise at temperatures as low as 80°C and even gradually polymerise at room-
temperature over some months. In particular, the question is addressed as to
whether or not the polymerisation process is due to acoustic cavitation or simply
due to thermal activation from unintentional heating of the solution by the ultra-

sonic horn during sonication.

To this end, a ~ 1.0 mL solution of CPS in CO of 14 wt% is sonicated with an A
of 60% and a DC' of 30 %. During the present experiment, the solution reached a
steady-state process temperature of ~ 65°C after about 15 min of ultrasonic treat-
ment. Figure 4.13 shows typical temperature increases of solutions unintentionally
heated during sonication as measured using a thermocouple in direct contact with
the liquid. In general, the steady-state temperature depends on a combination
of factors, including the A, DC, and submersion depth of the sonotrode in the
solution. A similar solution in a glass vial is also prepared and is brought to the
same process temperature on a hot plate under constant stirring with a magnetic

stirrer. Both solutions are treated for a total of 625 min.
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Figure 4.13: Typical process temperatures reached by the solution during sonication
without the aid of active cooling. The variation in steady-state temperature is a con-
sequence of the interplay between a number of factors, these include the A, DC, and
submersion depth d of the sonotrode in the solution. The drop in temperature of —15°C
results from simply changing the d of the tip.

Size exclusion chromatography (SEC) is then used to follow changes in molecu-
lar mass, if any, of the solutions before and after heat and/or ultrasonic treatment.
The results are presented in Figure 4.14. The elugrams in Figure 4.14a depict the
silicon hydride signal intensity measured by the refractive index (RI) detector as a
function of elution time t.,. Since no molecular mass standards were used in the
present experiment, the abscissa is inversely proportional to the molecular mass.
As explained in more detail in Section 3.11 this means that, in general, the shorter
the elution time, the larger the molecular mass. Also, the signal intensity (Ig;) is
proportional to the amount of a particular polymer that is present at any given
elution time.

In Figure 4.14a, the blue curve shows the untreated CPS/CO solution and the
main peak at around 10.45min corresponds to unreacted CPS monomer. Peak 1
and peak 2 at earlier ¢, of 9.75 and 9.35min, respectively, and the stretched out
shoulder starting at about 9min most probably correspond to by-products of the
synthesis or polymerised CPS during the synthesis or during storage at ambient
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Figure 4.14: (a) SEC clugrams using cyclooctane as equipment solvent depicting the
evolution of larger molecular species in a CPS solution (untreated in blue) with increas-
ing sonication time (black lines) compared to a purely thermally treated (red line) one
at the same process temperature of ~ 65°C. The normalised inset demonstrates that
the thermally treated and untreated solutions are practically identical. In contrast, with
increasing tys the sonolytic polymerisation is apparent from the appearance of species at
earlier tep,. (b) Plot of the relative concentration of CPS monomer cops as a function of
tys. Here, cops is calculated using the intensities of the CPS monomer peak at 10.4 min
and polymer signal between 7.5-10min in the elugrams above.
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temperature in the glove box in the stainless steel vessel or glass vials. Peak 1
and 2 could possibly correspond to the CPS dimer (10 Si atoms) and trimer (15
Si atoms), respectively. This proposition, however, has not been verified. The red
curve corresponds to the purely thermally treated solution. The intensity of the
CPS peak at ca. 10.45 min is visibly slightly higher than the rest of the underlying
signal and may be explained by minor preferential evaporative losses of CO solvent
(since its boiling point of bp = 151 °C is lower than that of CPS with bp = 194.3°C)
during thermal treatment on the hot plate. This has as a consequence that the
sample taken for SEC analysis had a slightly higher concentration of CPS.

In order to ascertain whether any polymer growth took place the untreated
(blue) and thermally treated (red) curves are normalised to the main CPS peak,
the results of which are shown in the inset of Figure 4.14a. Since both signals
have essentially the same form it can be concluded that no polymerisation has
taken place upon pyrolytic treatment. On the other hand, the black curves show
the results of sonication after 240-625 min at the same process temperature of
~ 65°C. The elugrams thus show a reduction in peak intensity of unreacted
CPS at to, = 10.45min and the simultaneous emergence of newly formed spe-
cies at toy < 9.5 min, which unambiguously demonstrates the growth of a higher
hydridosilane via the sonolytically induced ROP of CPS.

CPS has a RI of 1.69 and for some lower silanes e.g. SizHg = 1.49, Si;H,q = 1.55,
SizHys = 1.57, SigHyy = 1.59, and Si;H;s = 1.60 [50]. Since the RI continues to
increase the larger the silicon hydride polymer is, for this rough estimate it is
assumed that the signal response of the differential RI detector to the various
silanes is of the same order in the limited retention time range from ca. 7-10min
of the elugram. In this way one can compare the area under the CPS (Icpg) and
polymer (I,.1y) signals to get an estimate of how much CPS has been converted to
polymer. For this, the relative CPS concentration is defined as ¢poty = Icps/(Icps+
Ioy) (in %) and the results are shown in Figure 4.14b as a plot of cops versus tus.
As expected from the trends depicted in the elugrams, a general decrease in ccps
as tyg increases is observed. Also, the solution is found to still contain ~ 40rel% of
unreacted CPS monomer after about 600 min of ultrasonic treatment. This rather
large amount of residual CPS is useful and necessary since CPS itself is a very

good solvent for the thereof derived polysilanes.
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We should mention that the employment of an active cooling system enables
the CPS polymerisation reactions to potentially be carried out at temperatures
as low as —13°C (refer to reference [63] for thin films prepared from inks treated
at 20-25°C). Interestingly, after filtering with a 0.2 pm syringe filter, precursors
produced at room-temperature or below take on colours ranging from clear lemon-
yellow to light-brown. This additional colouration is believed to point to the
production of a non-negligible amount of highly branched silicon sub-hydrides of
the generic form -(SiH,),-, with x < 2, or silicon particles as was described earlier
for the case where TS is used as monomer [45, 64]. Note that this is distinctly
different to the characteristic colourless (for longer treatment times, milky white
prior to filtering) appearance reported in the literature for the polydihydrosilane

of the form -(SiH,),- prepared via the conventional method using UV light [63].

4.2.2 Polymer Growth via Sonication using
Cyclopentasilane as Precursor

In order to gain insight into the growth, molecular mass and the distribution of
the silicon hydride polymer with increasing ultrasonic treatment time, another
CPS/CO solution was analysed by SEC at various stages of sonication. The
CPS/CO solution used for this experiment had a volume of ~ 0.5mL and a con-
centration of 9wt%. The sonication parameters were: A = 120 pm, DC = 40%
and process temperature T ~ 65°C. As mentioned in Section 3.11, the present
experiment was carried out using cyclohexene (CH) as SEC equipment solvent
since the PS molecular weight references used were found to be soluble in this
solvent under these experimental conditions. Here the peak for unreacted CPS
monomer is found to occur concurrently with that of CO and thus information on

the varying concentration of unreacted CPS was not accessible.

Figure 4.15 shows the results of the experiment. The blue curve corresponds to
the untreated CPS/CO solution, and peaks 1 and 2 are identical to those found in
Figure 4.14a, these being associated with the presence of silane compounds other
than CPS. The main peak at about 10.2min (cropped at the top of the plot)
corresponds to both unreacted CPS monomer and CO solvent (green curve).
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Figure 4.15: (a) SEC elugrams using cyclohezene as equipment solvent of an untreated
CPS/CO solution as well as of solutions having undergone various sonication times. Also
shown is the elugram of pure CO, highlighting the fact that it elutes concurrently with
the peak for unreacted CPS monomer at 10.2min. (b) Plot depicting the growth of the
mass average molar mass M,y as estimated using polystyrene standards as a function of
increasing ultrasonic treatment time tysg.
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It is evident that centre of gravity of the polymer distributions shift to earlier
tew With increasing sonication time. The calculated mass average molar mass,
M, associated with the various elugrams is plotted in Figure 4.15b as a func-
tion of increasing ultrasonic treatment time tys. The colour of the solution was
observed to vary from transparent at the beginning, to a very light clear vanilla,
through to cloudy white for the 270 min sample. Thus, the M, of the samples with
M, > 220min is expected to be somewhat larger than those actually measured.
This is because the turbidity indicates precipitation out of solution of the large

M, species which are not measurable using SEC.

It should be noted that the occurrence of peaks 1 and 2 does not render the
untreated CPS/CO solution suitable for the preparation of thin films via spin
coating. All attempts at casting a thin film using untreated solutions resulted in
poor wetting and no discernible layer on glass and/or ¢-Si wafer substrates before

and after pyrolytic conversion on the hot plate.

4.2.3 Summary of Polysilane Ink Synthesis using
Cyclopentasilane Precursor

Using ultrasound and the sonochemical effects associated with acoustic cavitation,
an alternative method of polymerising cyclopentasilane was demonstrated which
does not involve the use of ultraviolet light. It is shown by way of size exclusion
chromatography and optical transmission measurements that the polymerisation
is not initiated by the macroscopically determined temperature of the solution.
Rather, the growth of higher hydridosilanes is attributed to the production of
reactive species at hot spots generated by collapsing microbubbles. In particular,
it is shown that purely pyrolytic treatment of solutions at temperatures of 75°C or
below does not produce the polymer growth observed in similar solutions sonicated
at these low temperatures. Further, the results of the sonolysis are presumed to
constitute the first time that any such polymerisation of a liquid silane monomer
with ultrasound has been reported.

We also find that the amount of unreacted CPS can be varied over a wide range
and for an adequately processed precursor usually makes up < 30 % of the total
silane content after ultrasonic treatment. In addition, the molecular mass of the

silicon hydride polymer in the ink is estimated to be in excess of 8 x 10®> gmol~!.
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4.3 Synthesis of Silicon Nanoparticles from
Trisilane

As opposed to the previous section focusing on the preparation of a printable
ink, this section deals exclusively with details on the sonolytic synthesis of the
silicon nanoparticles. Various spectroscopic techniques and electron microscopy
images are applied to demonstrate that variation of the concentration of trisilane
in the solution or of the amplitude of the ultrasonic waves lead to the fusion
of discrete, unoxidised, hydrogenated, and amorphous Si-NPs of tunable size in
the range of 1.5-50nm. Also shown is that under certain conditions, sustained
ultrasonic irradiation yields highly porous, sponge or coral-like silicon nanoparticle

agglomerates.

4.3.1 Formation Mechanism

As described in the previous section as well as in Section 2.4, the extreme tran-
sient conditions generated at imploding microbubbles lead to the synthesis of
silicon radicals (Si’) that subsequently diffuse into the bulk of the liquid and
via various insertion reactions involving silylenes/silenes in conjunction with hy-
drogen shift reactions go on to form higher order silanes and, in turn, silicon
hydride polymers. In addition to this, it was hypothesised that a single col-
lapse event also results in the “fusion” of an single Si-NP (refer to Section 2.4
and Figure 2.5). One of the main experimental conditions made use of dur-
ing sonication and subsequent bubble formation is that TS is highly volatile
(Pyap =~ 95 Torr at 0°C compared to =~ 4Torr for CO solvent) so that relative
to CO, preferentially more TS diffuses into the microbubbles during rarefaction
cycles. This results in an accumulation of gaseous TS within the cavity during
bubble growth.

The formation of isolated particles is ascribed to the interplay between the ex-

treme conditions that reign during cavitational collapse and to the high density

of reactive species generated at such temporally discrete and spatially localised
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points in the liquid. A potential explanation for the amorphous morphology of
the Si-NPs is the presence of residual bonded hydrogen in the particles left be-
hind as a result of incomplete out-diffusion during bubble collapse, which inhib-
its Si-Si bond formation. Moreover, the fast cooling rates during cavitational
collapse as well as the short-lived nature of the hot spot itself give the silicon
matrix too brief an interaction time to reconstruct and relax into a crystalline

state.

The direct “fusion” mechanism for particle synthesis is found to be more plausible
than ones involving the generation of Si’ in conjunction with subsequent nucleation.
This is supported by the results of the previous section, which were made under
otherwise similar conditions. Briefly, experiments showed that irradiation of TS
with UV light results in chromatographically detectable quantities of higher order
silanes only after long treatment times of several hours. Like T'S, however, these
higher order silanes are themselves transparent and so cannot explain the observed
colouration of the solutions. Extended UV irradiation for > 50 hr eventually res-
ults in observable quantities of polymeric silicon sub-hydrides. These branched
polymers give the solution the lemon-yellow colouration described in connection
with the TS ink [45, 64, but the mixture remains clear with no indication of
the presence of dense particulate matter. Hence, if radicals or oligomers were the
precursor seeds from which the Si-NPs grow during sonication, one would expect
similar particle formation from such photo-generated species and this is certainly

not observed.

That the synthesis of the Si-NPs is pyrolytically initiated due to the macro-
scopic temperature of the solution during treatment (roughly —15-40°C) can also
be ruled out. Solutions submitted to purely thermal treatment at even higher
temperatures of up to 65°C for several hours remain completely transparent and
simply incur evaporation losses. This is not surprising since these process tem-
peratures are over 200 °C lower than those required for the thermal decomposition
of TS [34, 35]. It is thus conjectured that particle fusion is a primary process
taking place during a single bubble collapse event and that reactive species or
oligomers undergoing subsequent nucleation cannot account for the particle form-

ation.
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4.3.2 Analysis of the Silicon Nanoparticles via Electron
Microscopy Techniques

Transmission electron microscopy (TEM) is used to investigate the size of the
Si-NPs prepared via sonication at scales inaccessible using SEM, as well as to
ascertain whether the particles are amorphous or crystalline. In conjunction with
the TEM analysis, electron energy loss spectroscopy (EELS) is used to determine
the chemical composition of various nanoparticles with diameters in the range
1.5-50 nm.

Depending on the desired kind of particles, two main preparation parameters
can be easily varied, namely (i) the amplitude of vibration of the ultrasonic horn
(A) and (ii) the concentration of trisilane in the solution (crg). As long as the
amplitude is sufficiently high to reach the cavitation threshold, in general it is
found that low tip A or low ctg favour the production of isolated and monodisperse
Si-NPs. Figure 4.16a shows Si-NPs synthesised with low A (= 48 pm) and high erg
(= 47wt%). The higher magnification inset on the top right of the dashed region
highlights the discrete nature of the particles. Analysis of the 387 particles visible
in the main image (using ImageJ) yields the histogram shown in Figure 4.16b.
The particles possess a mean diameter D;, = 2.96 = 0.82nm, constituting a size
distribution comparable to published results for similarly sized particles [96, 144],
albeit without any filtering or sampling since the collection of the particles was
done by simply submerging the C grid into the suspension.

On the other hand, high A (= 192pm) and high crs favour the production of
large amounts of larger and more polydisperse particles (Figure 4.16¢). This is
attributed to larger microbubbles due to the higher A and/or more TS in-diffusion
during bubble growth due to sufficiently high crg in the surrounding liquid [85, 90].
Clearly visible in the image and in the higher resolution inset is the production
of predominantly larger and more polydisperse particles in the range of ~ 10—
50nm which coalesce to form irregularly shaped ~ 100nm sized clusters. The
particles are thus significantly different from those presented in Figure 4.16a, which
were prepared under otherwise identical conditions except with reduced maximum

amplitude at the tip A of 48 ym.
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(c)

Figure 4.16: Dark field STEM images depicting the effects of sonication conditions
on the predominant type of Si-NPs that are synthesised. (a) Si-NPs produced using
low ultrasonic intensity (low tip amplitude A = 48 pm) and high trisilane concentration
(crs = 47Twt%). (b) Histogram of the 387 particles in (a), the red curve is a Gaussian
fit to the data. (¢) Si-NPs produced using high tip amplitude (A = 192pm) and crs =
47wt%. (d) Si-NPs produced using high tip amplitude (A = 192um) and a low crg of
1wt%. The insets show higher resolution images of the regions enclosed by dashed boxes.
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4.3 Synthesis of Silicon Nanoparticles from Trisilane

Alternatively, keeping A high, but lowering crg to 1 wt%, (Figure 4.16d demon-
strates the synthesis of smaller and more monodisperse Si-NPs similar to those
depicted in Figure 4.16a. The clear suppression of the synthesis of larger particles
and the simultaneous production of significantly smaller and more monodisperse
particles of size in the range 2.5-4.6 nm is in stark contrast to the particles pro-
duced using excess TS but with equally high A. The type of particles produced
is attributed to reduced diffusion of TS into the expanding microbubbles result-
ing in less silicon precursor material available for particle fusion upon cavitational
collapse. The “cloudy” patches of slightly lower intensity visible in the main image-
hiand in the higher resolution inset are small clusters of comparably small particles

of somewhat lower density.

To demonstrate that particle fusion commences essentially immediately after
activation of the ultrasonic horn, Si-NPs were synthesised in a solution that was
subjected to sonication (high A (= 192pum) and high crg) for a mere 2min at a
process temperature of 25-40°C. Here, the solution took on a clear, light vanilla
colouration after sonication. Note that the sonication conditions (4 and crs) are

identical to those used for the particles depicted in Figure 4.16c.

The bright-field TEM image in Figure 4.17b reveals that the solution already
contains significant amounts of Si-NPs ranging in size from around 5-50 nm (Fig-
ure 4.17b). Most particles, however, are found to be < 40nm in size. Figure 4.17a
shows a TEM image of a larger Si-NP of ~ 50 nm. The particle exhibits a fluffy,
cauliflower-like morphology that suggests it may be composed of even smaller
constituents of < 10nm, either chemically bonded or loosely bound forming an
agglomerate. The inset on the top left shows an electron diffraction pattern ex-
hibiting a set of diffuse rings which demonstrate the amorphous nature of the
particles. The inset on the top right shows a core-level electron energy loss spec-
troscopy (EELS) spectrum revealing a strong Si-L, 3 edge at ~ 100eV. The form
and onset energy of the edge indicates that the particles are composed of unox-
idised silicon and not, for instance, of a silicon oxide. Also discernible is a small
hump at ~ 280eV corresponding to the carbon K-edge and which is attributed
to the adjacent C grid. Note that no trace of the oxygen K-edge at ~ 530eV is
discernible to within the limits of sensitivity. Chemical analysis via EELS thus
shows that the Si-NPs contain neither oxygen in the bulk nor an encapsulating
outer oxide shell.
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Figure 4.17: TEM images of Si-NPs synthesised in-solution within 2 min of sonication.
(a) The particle in the image appears fluffy as if composed of even smaller particles and its
cauliflower-like morphology is devoid of any sharp contours or boundaries. The electron
diffraction pattern in the inset on the top left shows a set of diffuse rings indicating that
the particles are amorphous. The inset on the top right shows the core-level EELS Sily 5
edge at ~ 100eV indicating that the particles are composed of unoxidised silicon. The
slight elevation at ~ 280€V is the carbon K-edge and no trace of the oxygen K-edge is
evident at ~ 530eV. (b) The image shows a cluster of separate particles, the smallest of
which have diameters in the range of ~ 5nm.

4.3.3 Analysis of the Silicon Nanoparticles via Infrared
Spectroscopy

In the following, Fourier transform infrared spectroscopy (FTIR) is used to char-
acterise the elemental composition and morphology of drop-coated Si-NPs films,
as well as to demonstrate that the particles are hydrogenated and to elucidate the
nature of the silicon-hydrogen bonding. Also dealt with is the behaviour of the
particles upon exposure to ambient air. Note that the particles used for the ana-
lysis were synthesised using high tip amplitude and high TS concentration (refer
to Section 4.3.2 above for details).

Shown in Figure 4.18 is a series of FTIR spectra of Si-NPs measured as-deposited
(40°C) and after subsequent annealing at temperatures from 200-500 °C. The first
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Figure 4.18: (a) FTIR spectra of Si-NPs deposited via drop coating at 40 °C and after
subsequent annealing at temperatures up to 500 °C. The various Si-H and C-H modes are
discussed in the main text. (b) Magnified plot of the SiH, stretching modes centred at
~ 2100 cm™! showing their decreasing intensity as more and more hydrogen and silicon
hydrides evolve from the particles with increasing temperature. The surface hydrides at
~ 2100-2140 cm~ ! evolve first and then the bulk hydrides at ~ 2000-2080 cm™' follow.
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three spectra (40, 200, and 300°C) in Figure 4.18a are dominated by two main
silicon hydride bands, one at 840-910cm™' comprising a characteristic doublet
related to various SiH, and SiHj deformation, bending, wagging and scissor modes
and another at 2000-2140 cm™! associated with SiH, (x = 1, 2 or 3) stretching
modes of hydride groups in the bulk, at the outer surface, and at the internal
surfaces of microvoids within the particles themselves. The latter spectral region

is reproduced in Figure 4.18b to make the modes more apparent.

Increasing the annealing temperature enables the identification of four main
bands corresponding to distinct silicon-hydrogen bonding configurations in regions
of the material associated with specific stoichiometry and microstructure. Evident
from the as-deposited (black, 40 °C) and the 200 °C (red) spectra, are two dominant
peaks at ~ 2110 and ~ 2135 cm ™! corresponding to dihydride (SiH,) and trihydride
(SiH3) groups at the exterior surface of the Si-NPs, respectively [97, 145]. After

L as a result

annealing at 300°C (blue line) a third band emerges at ~ 2090 cm™
of most SiH, and SiHj hydride groups having evolved from the exterior surface
of the particles. This peak is associated with monohydride (SiH) and dihydride
groups at the internal surfaces of microvoids in the bulk of the particles and at the
exterior surface. The evolution of the surface hydrides at this temperature is also
corroborated by observing that only a small SiH, (bending or scissor mode) peak
at ~ 898cm™! remains in Figure 4.18a. Finally, a broad shoulder is evident at
~ 2000 cm ™! which corresponds exclusively to SiH groups where the hydrogen atom
resides at silicon monovacancy/divacancy sites in dense bulk material [76]. This
mode is more apparent in Figures 4.19a and 4.19c and corresponds to hydrogen
in the inner core of the Si-NPs. At 400°C (green line) the peak at ~ 2090 cm™
shifts slightly towards ~ 2080 cm™' consistent with a shift of the bulk hydrides
component as a result of a more compact microstructure [146]. At 500°C (orange

line), most of the hydrogen in the bulk of the particles has also out-diffused.

Finally, the bands between 1100-1760 cm™! and 2800-3050 cm ™! are associated
with various CH,-modes from residual solvent and attenuate as a result of evap-
oration as the temperature is raised after successive annealing steps [96, 97]. This
means that the detected carbon is present as an evaporable adsorbate only, which

in turn shows that the solvent acts as an inert reaction medium that does not take
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Figure 4.19: FTIR study depicting the effect of air exposure on Si-NPs annealed for
10min at different temperatures. (a) 40°C: As the air exposure time tq increases the
particles oxidise as evident from the increasing intensity of the Si-O-Si stretching mode
at ~ 1000-1150 cm ™! and the SiH, modes with back-bonded oxygen labelled a and b. (b)
500°C: As evident from the Si-O-Si mode as well as the SiH, modes with back-bonded
oxygen labelled a - d, the particles easily ozidise if most of the hydrogen is removed. Note
that the spectra after the break have been magnified X6 to facilitate visibility. (c) 300 °C:
The almost complete absence of SiH,/SiHg surface hydrides and hence the predominantly
SiH terminated surface of the particles mitigates oxidation for the first 20 min. Note that
the ordinate scale of all plots is identical. (d) Integrated intensity of the Si-O-Si stretching
mode versus tqir at the different temperatures. The strongest oxidation is measured for
Si-NPs with low hydrogen content and particles with high concentrations of SiHy, and SiHg
surface hydride groups. Si-NPs with predominantly SiH/SiH, terminated surfaces exhibit
the slowest and least oxidation.

part chemically during Si-NP fusion. The bulk chemical composition of the Si-NPs
hence comprises Si and a tunable amount of H.

The following deals with the oxidation behaviour of the particles as a function

of annealing temperature (in N, atmosphere, HyO, O, ~ 1ppm) and duration of
exposure to ambient air (24°C, 57 % humidity). Here, the measurements were
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carried out in vacuum after each air exposure step (1, 3, 10, 20, 30, 60, and
120 min).

Shown in the series of plots in Figure 4.19, is how the hydrogenated nature
of the bulk and the H,-termination of the surface of the particles help mitigate
rapid oxidation upon exposure to air. Particles deposited at 40°C (Figure 4.19a),
capped primarily with loosely bound SiH,/SiHj surface hydride groups, are found
to oxidise at low to moderate rates. After 3min in air the characteristic Si-O-Si

! as well as modes associated with SiH,

stretching mode appears at ~ 1050 cm™
groups back-bonded to oxygen [97, 147, 148]. In the plot, stretching mode a at
~ 2245cm™! is assigned to H-(SiO3) and mode b at ~ 2190 cm™! is assigned to
H-(Si0,). The SiH mode at ~ 2000 cm ™! remains stable and the SiH,/SiH; bands
at 840-910cm~! and 2110-2140 cm ™" decrease slightly as the oxidation progresses.
The noticeable oxidation of these particles is due to the fact that the SiH,/SiHs
groups covering their outer surface readily react with oxygen or atmospheric water

vapour.

Radically different is the behaviour of particles with very little hydrogen content.
Figure 4.19b clearly demonstrates that once most of the H has been driven off
via annealing at 500°C for 10 min, the particles become exceedingly susceptible
to oxidation. Note that the ordinate scale of this plot corresponds to that of
Figure 4.19a and that the spectra after the break have been magnified x6 to
facilitate visibility. Here, a broad Si-O-Si stretching mode at ~ 950-1150 cm ™! is
already clearly visible after just 1 min in air. Also, the stretching modes centred at
~ 2100 cm ™! are exclusively associated with SiH, groups back-bonded with oxygen.
Modes a and b are as in Figure 4.19a, and mode ¢ at ~ 2150 cm™! is assigned to
H,-(SiO,) and mode d at ~ 2100 cm ™" is assigned to H-(Si30). In general, as the
oxidation advances the growth of the Si-O-Si mode is accompanied by a gradual
redistribution of the stretching modes from the singly oxygen back-bonded d to
progressively higher oxidation states ¢ — b — a. Here, a broad Si-O-Si stretching
band at ~ 1000-1150cm™' and oxygen back-bonded SiH, stretching modes at
~ 2100-2250 cm™! are readily observed directly after annealing in the glove box
[149].

Evidently, both excess hydrogen in the form of reactive SiH, and SiHj groups as
well as hydrogen deficiency at the outer surface of the Si-NPs lead to significant
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oxidation upon exposure to air. To demonstrate a substantially slower oxidation
rate, a third thin film of Si-NPs is annealed at 300 °C for 10 min and then exposed
to air as before. Figure 4.19¢ shows that most of the surface polyhydrides have
evolved from the particles as evident from the absence of SiH, (~ 2110cm™") and
SiHj (~ 2135 cm™!) stretching modes, and the clear predominance of the SiH bulk
(~ 2000 cm™") and SiH,/SiHz (~ 2090cm™') bulk and surface hydride modes.
Note that a small amount of residual surface SiH, is still present as indicated by
the peak at ~ 900 cm™ (bending or scissor mode, compare with the corresponding
spectrum in Figure 4.18a). The oxidation progresses slower than in Figures 4.19a
and 4.19¢, where only after 20 min does any growth in the Si-O-Si, and modes a
and b become significant. Notice also that while the peaks at ~ 900cm™! and
~ 2090 cm™! decrease in intensity, the presence of a constant fraction of the SiH
mode at ~ 2000 cm™! (as is also the case in Figures 4.19a and 4.19¢) indicates that
the dense core of the Si-NPs remains hydrogenated and oxygen-free. Particles with
mainly monohydride (SiH) or dihydride (SiH,) terminated surfaces are hence found
to be highly resistant against oxidation and remain essentially oxide-free for air

exposures up to about 20 min.

In Figure 4.19d the integrated intensity of the Si-O-Si stretching mode is plotted
as a function of air exposure time t,;,. for the Si-NP thin films of the oxidation
series. The curves demonstrate that the hydrogenated nature of the particles (40
and 300°C) leads to a mitigation of oxidation compared to particles where the
hydrogen has been almost completely removed via annealing at high temperature
(500°C).

4.3.4 Raman Spectroscopy

In conjunction with the electron diffraction pattern shown in Figure 4.17a, Ra-
man spectroscopy was used to confirm the amorphous morphology of the Si-NPs
and show the effect of annealing on the microstructure. Shown in Figure 4.17a
are Raman scattering spectra of as-deposited Si-NPs (black, 40°C) and as they
are progressively annealed in the glove box at 200°C (red), 300°C (blue), 400 °C
(green) and 500°C (orange) for 3min at each temperature. Four characteristic
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Figure 4.20: Raman scattering spectra of a thin film of Si-NPs as a function of an-
nealing temperature. The main plot shows the longitudinal acoustical (wr ), longitudinal
optical (wrp) and transverse optical (wrpp) and the second order longitudinal acoustical
(wara) phonons. The inset shows the evolution of the position of the wpo peak maz-
imum (solid squares) and its half-width at half-mazimum (HWHM, hollow triangles) as
a function of annealing temperature.

phonon bands associated with hydrogenated a-Si are identified. These are the lon-
gitudinal acoustical (wyy), longitudinal optical (wrg) and transverse optical (wro)
and the second order longitudinal acoustical (wqr,4) phonon mode at around 310,
390, 470 and 620 cm™!, respectively |75, 120].

As the annealing temperature is raised a relative decrease in the intensity of
the wya and wyr,a modes relative to the wpo phonon is seen, consistent with a
reduction in hydrogen content [75, 122]. Peak analysis (not shown) reveals that
the wro phonon intensity varies slightly from curve to curve with no consistent
trend and hence changes in the medium range order of the Si-NPs could not be
ascertained. Shown in the inset are the shift of the peak maximum from 471.3to
478.4cm~! and the asymmetric broadening of the wpo mode (HWHM measured
using the peak maximum and right flank) from 38.4to 45.1 cm™!. The shift can be
related to a modified atomic bonding environment and/or mechanical stress, and

the broadening is in accordance with decreasing short range structural order, e.g.
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due to a distribution of strain and bond angles of the Si-Si bonds as a result of
matrix reconstruction after hydrogen evolution. Raman spectroscopy hence reveals
that the Si-NPs do not crystallise and remain in the amorphous state even at the

moderately high temperatures reached during the final annealing steps.

4.3.5 X-Ray Photoelectron Spectroscopy

Surface sensitive x-ray photoelectron spectroscopy (XPS) was carried out on thin
films of Si-NPs in order to corroborate the conclusions drawn from the elemental
analysis via high spatial resolution EELS on a single ~ 50 nm Si-NP presented in
Figure 4.17a.

Shown in Figure 4.21a is a high resolution narrow scan of the Si 2p core-level
peak centred at a binding energy (Eg) of ~ 99.5eV. The data points are depicted
as solid black dots and the least-squares fit resulting from the deconvoluted com-
ponents is drawn in solid black. The main deconvoluted peak (red) corresponds
to elemental Si and is a doublet consisting of two components fitted with equal
FWHM (0.752€V), an intensity ratio of 1:2 and separated by a spin-orbit splitting
of 0.61eV. They are labelled Si’ 2 p1/2 and Si’ 2 p3/2 and are located at 99.84 and
99.23 eV, respectively.

Following the method described by Ley et al. [150] and with the foreknowledge
that the bulk and surface of the Si-NPs are hydrogenated, three additional doublets
are fitted which correspond to the chemically shifted Si 2p peak when the Si atom
is bonded to either 1 (Si*", blue doublet), 2 (Si*", green doublet) or 3 (Si*", orange
doublet) H atoms. The SiH, doublets are spaced 0.4¢eV apart [151] and are fixed
to the same FWHM, intensity ratio and spin-orbit splitting as the Si’ doublet. The
slight mismatch at ~ 101.5¢eV is attributed to the presence of atmospheric water
vapour on the surface of the Si-NP film accrued during sample transfer. Water
vapour has been documented to give rise to a chemically shifted component due
to adsorbed OH groups [152, 153]. Note the absence of a SiO, peak at ~ 103.6eV
and that no sub-oxides are discernible up to ~ 2eV below that [98, 154-157].

Shown in Figure 4.21b is a survey scan revealing the surface composition of the
Si-NP film. Evident is the presence of silicon (Si 2s and Si 2p at a Eg of ~ 150eV
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Figure 4.21: (a) High resolution XPS core-level spectrum of the Si 2p peak fitted with
four doublets corresponding to Si atoms bonded to 0, 1, 2 or 3 H atoms (Sio, Sitt, S
and Si®7, respectively). Note the absence of a SiO, peak expected at ~ 103.6eV for
ozidised particles. (b) XPS survey spectrum of drop-coated Si-NPs. The presence of
three main elements, namely Si, C, and O is detected. An increasingly small amount of
N of < 0.5at% is also discernible at ~ 397eV. The inset shows a high resolution narrow
scan of the O 1s peak at 531.5¢eV.
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and ~ 99eV, respectively), carbon (C 1s, at ~ 284.5eV) and oxygen (O 1s, at
~ 531eV). Included in the plot as an inset is a high resolution narrow scan of
the O 1s peak which provides a more precise determination of its binding energy
of 531.5eV. This relatively low Eg suggests that the O is likely present in non-
bridging form such as in H,O molecules or OH groups and not incorporated as a
Si0,, where the latter has typical Eg values that range between 532 eV and 533 eV
[158-160]. The calculated atomic concentrations are 76.3, 21.8 and 1.93 at% for
Si, C and O, respectively. The high value for C is not surprising since the particles
were not annealed to remove residual CO solvent. The very low value for the O
concentration is comparable to that found on freshly etched (with hydrofluoric
acid) amorphous and crystalline Si surfaces with sub-monolayer O coverage [159,
160]. For comparison, a typical survey scan of Si/SiO, core-shell particles with a
~ 1nm thick oxide can be found in the work by Li et al. [109].

4.3.6 Summary of Silicon Nanoparticle Synthesis

In contrast to the use of both ultrasound and ultraviolet light in the fabrication
the silicon polymer - silicon nanoparticle composite ink, here details on the purely
sonochemical synthesis of discrete, unoxidised hydrogenated amorphous silicon
nanoparticles in the size range 1.5-50 nm was presented. It was argued that the
synthesis could be best understood as a type of “fusion” process due hot spots
generated at imploding microbubbles. The method was shown to be possible at
ambient pressure and at temperatures in the range 10-40°C, and entailed sonica-
tion using different tip amplitudes of vibration and solutions of variable trisilane

concentration.

The macroscopic colloids or agglomerates responsible for the brown coloura-
tion of sonicated solutions presented in Section 4.1.2 were studied further. Using
TEM and STEM it was shown that high tip amplitudes lead to the production
polydisperse silicon nanoparticles in the size range ~ 10-50nm and that these
subsequently agglomerate to form the high surface area sponge or coral-like ag-
glomerates discussed previously. In stark contrast, low tip amplitudes or low trisil-

ane concentrations were shown to yield smaller particles in the range ~ 1.5-5nm.
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In particular, without the aid of any filtering or special sampling technique, low
tip amplitudes enabled the synthesis of particles of good monodispersity with an
average size of 2.96 £ 0.82nm.

Several spectroscopic techniques were used to investigate the chemical and phys-
ical properties of the nanoparticle thin films. Electron diffraction and Raman
scattering were used to show that the particles are amorphous and remain so up
to annealing temperatures as high as 500°C. Detailed analysis via electron en-
ergy loss spectroscopy, x-ray photoelectron spectroscopy, and Fourier transform
infrared spectroscopy were used to study the chemical composition and micro-
structure of the particles. The results revealed that the particles are composed
almost exclusively of hydrogen and silicon. Only traces of oxygen were detected
and found to most probably be present on the surface of the particles in non-
bridging form. Also, carbon was found to occur only as an evaporable adsorbate
and not, chemically bonded to silicon. This, in turn, demonstrated that the solvent
does not participate chemically during particle fusion. Annealing and oxidation
experiments showed that the hydrogen content of the particles in tunable. In ad-
dition, the hydrogen/polyhydride termination of the particles’ surface was found

to greatly mitigate their oxidation upon exposure to ambient air.
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4.4 Thin Films Deposition, Growth, and
Conversion

4.4.1 Spin-Coated Silicon Hydride Polymer Films

Polysilane inks prepared as described in Sections 4.1 and 4.2 can be used to cast
thin films of silicon hydride polymer onto various substrates such as glass and
polished ¢-Si substrates. Spin coating can be applied since the inks contain low-
volatility hydridosilanes and exhibit very good wetting of the substrate surface.
As will be shown later, the wetting aspect only plays a role here where films are
directly cast in a coating process and not when film growth takes place via the
APCVD technique.

The thickness of films fabricated from both CPS and TS based inks can be
varied by varying the spin coating parameters such moras the spin time and
spin speed. One can also deposit thicker films by spin coating several times.
Here, before the next film is spin coated, the previously deposited film needs
to be dried and tempered at ca. 200°C to avoid re-dissolving the underlying
polymer into the wet, freshly dispensed ink. However, the film thickness also
depends strongly on the composition of the ink itself. While CPS-based inks
usually require two spin coats to yield layer thicknesses exceeding 100 nm, TS-
based ink normally surpass this mark with just a single spin. This is attrib-
uted to the much faster drying characteristics of these inks during spin coat-
ing due to the faster rate of evaporation of TS compared to CPS. Moreover,
TS is usually used in greater weight percentages than CPS (30-50 wt% com-
pared to 8-15wt%) so that TS-based inks also have a larger proportion of un-
reacted monomer which significantly decreases the effective boiling point of the

solvent.

Although great care is taken to ensure that the substrates are dust-free, spin
coated films usually possess a number of macroscopic defects such as comets, stri-
ations, pinholes and upon pyrolytic conversion, vortex-shaped micro-cracks (see
Figure 4.22).
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(a) (b) (c)

Figure 4.22: Typical micrographs of defects found in spin coated films. (a) An exzample
of a so-called comet, where an initial inhomogeneity in the film such as a dust particle
gives rise to an extended “tail” in the radial direction toward which the fluid is accelerated
during coating. (b) Typical pinhole defects, most of which perforate the entire film. (c)
Image of a vortex-shaped pinhole or micro-crack that emerges after pyrolytic conversion,
presumably at an existing weak spot or pinhole as a result of tensile stress in the film.

A rough estimate of the effective deposition rate for spin coating with a CPS
derived ink can be calculated as follows. A single spin coating of 30s yields an
a-Si:H film of about 50 nm after pyrolytic conversion for 2min. This translates to

1

an effective deposition rate of 50/150s ~ 33.3nm s '= 20nmmin~'. The effective

spin coating deposition rate using TS derived inks is roughly double this, i.e.

~ 40nm min~?.

4.4.2 Formation of Hydrogenated Amorphous Silicon via
Pyrolytic Conversion

The as-deposited silicon hydride polymer thin films do not possess the desired
properties required for their application as semiconducting layers in optoelectronic
devices. The cross-linking of the polymer film or its conversion into a-Si:H is
achieved by pyrolysis on a hot plate at temperatures between 250-300°C. This
fact is supported by FTIR measurements where the doublets at 840-860 cm™! and
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Table 4.1: Summary and assignment of infrared active modes observed in the FTIR
spectra of Si-NP agglomerate and a-Si:H thin films.

Wavenumber (cm™!) Associated group(s) Vibrational mode
630 SiH, [SiH,, SiHj], (SiH,),  bending, [rocking], shear
640 [SiH], SiHs, (SiHs),, SiHs [wagging], rocking
650 (Si-O-Si)-H bending
680 SiH rocking, wagging
840-845 (SiHy), wagging
860-862 SiHg sym. deformation
890-910 (SiHy), bending, scissors
950-1110 Si-O-Si stretching, asym. stretching
2000-2090 SiH stretching
2080-2110 SiH, stretching
2130-2140 SiHg stretching
~ 2100 (Si30)-H stretching, O back-bonded
~ 2150 (Si0,)-H, stretching, O back-bonded
~ 2190 (Sin0,)-H stretching, O back-bonded
~ 2245 (Si03)-H stretching, O back-bonded

890-910 cm ™ associated with various polymeric modes are absent at temperatures
exceeding 300 °C (refer to Table 4.1).

The final morphology or microstructure of the layers varies greatly and depends
on several aspects associated with film deposition. The factor exerting the most
pronounced influence on the microstructure is the method employed for the de-
position, where APCVD films exhibit significantly better microstructure compared
to spin coated ones. For the case of spin coated films, additional factors such as
conversion temperature, conversion time, and film thickness play major roles. In
terms of morphology, the best films fabricated via spin coating are also found to be
dependent on the monomer used for the preparation of the polysilane ink, a find-
ing which suggests that the structure and in turn the cross-linking of the polymers
fabricated from CPS and TS are dissimilar.

As discussed in Section 2.3.1, the microstructure of a-Si:H was characterised

by way of the microstructure factor, R, defined as the relative integrated FTIR
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intensity ratio of the SiH/SiH, stretching mode at ~ 2080-2100cm™" to the SiH
mode at ~ 2000 cm™!. For spin coated samples R ranges from 90 % for microvoid-
rich material with a predominantly contribution in the 2080-2100 cm™! region to
values as low as 54 % for the best films with exhibiting significant contribution

from the 2000 cm~! mode.

We can gain insight into the morphological changes occurring in spin coated
films during the conversion process on the hot plate by observing shifts in hydrogen
bonding configuration. Apart from the stretching mode at ~ 2000 cm ™!, changes in
the 850-900 cm ™! region can be followed. These bands are associated with various
Si-H vibrational modes in (SiH,), and SiHjz groups, including wagging, bending,
scissors and deformation modes (refer to Table 4.1). The existence or eventual
disappearance of these modes helps facilitate the determination of the temperature
at which cross-linking reactions during pyrolytic conversion have resulted in a
tetragonal coordinated random network devoid of polymeric (SiH,), chains and

SiH3 terminal groups.

The plots presented in Figure 4.23 depict the evolution of several FTIR modes
as a function of increasing conversion temperature on the hot plate for films de-
posited using inks made from CPS (4.23a) and TS (4.23b), respectively. Turning
firstly to the above-mentioned modes at around 850cm™ and 900 cm™!, their
gradual decrease between 250-300°C indicates the densification of the polymer
film into a compact three-dimensional amorphous matrix. This appears to occur
in a similar manner for both types of ink. These structural changes are also visible

in corresponding changes in the Si—H stretching modes between 2000-2140 cm ™1,

where in general the peaks at higher wavenumbers at 2120-2140 cm™! associated
with SiHjs groups and at 2100-2120 cm ™! associated with SiH, groups decrease in
intensity as more and more hydrogen evolves from the films. This is correlated

I associated

with a corresponding emergence of new modes between 20502080 cm ™~
with dihydride (SiH,) vibrations in a slightly more compact, albeit microvoid-rich
network. It is interesting to note that close inspection of the relative intensities
of the peaks at 2110cm~! (SiH, groups) and 2133 cm~t (SiHs groups) of the two
layers reveals minor differences. It is hence inferred that the unconverted polymer

prepared from TS is more branched and has more SiH; terminal groups relative
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Figure 4.23: FTIR spectra of hydridosilane thin films prepared from CPS (a) and
TS (b) upon pyrolytic conversion at increasingly higher temperatures commencing from
drying at <150°C up to 500 °C.

to SiH, groups (along the main chain of the polymer) compared to the polymer
prepared from CPS.
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Figure 4.24: Raw PDS spectra of changes in relative absorbance of a thermally treated
silicon hydride polymer film upon increasing conversion time (tcony) on a hot plate at
450°C. As explained in the main text, teony = J sec is insufficient to allow for complete
transformation of the polymer to a-Si:H. As seen from the decrease of the optical band
gap from 2.2 to 1.8eV, the main structural changes occur within the first 30s and in-
creasing teony to 90min only results in a slight increase in the sub band gap absorption
(< 1.4 1.4eV ) associated with silicon dangling bonds.

The question arose as to the minimum time required for pyrolytic conversion to
result in the complete transformation of the spun polymer into amorphous silicon.
To this end, a film was spin coated onto a glass substrate using an ink prepared
from TS and cumulatively increased the conversion time (teony) from 5s to 60 min
on the hot plate preheated to 450°C. After each thermal step the sample was

measured without air break via photothermal deflection spectroscopy (PDS).

As depicted in the raw PDS spectra of Figure 4.24, the first 5s on the hot plate do
not provide sufficient time for complete conversion as inferred from the rather large
band gap of around 2.2eV. The reason for this is either due to insufficient time for
the layer to reach the necessary temperature at which cross-linking is triggered (i.e.
~ 250°C or higher) or due to insufficient time to complete the actual conversion
process. For teony, = 30-90 nm the sample’s band gap has diminished by 0.4eV to
1.8eV due to further hydrogen outdiffusion. Additional prolongation of t.on, to
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30 and 90 min results in no further decrease of the optical band gap compared to
first 30s. This observation indicates that at a conversion temperature of 450 °C
the silicon matrix takes on a dense, cross-linked amorphous morphology within the

initial 30s and that thereafter no further major restructuring takes place.

However, inspection of the sub band gap region between 0.5-1.4 eV reveals that
there is a slight increase in defect density for t.o,, > 30 min which is proposed to
be caused by further Si—H bond cleavage resulting in the generation of Si dangling
bonds. In summary, the experimental results suggest that ~ 2min of pyrolysis at
450°C should allow for ample time to allow for complete conversion of the silicon

hydride polymer to a-Si:H.

4.4.3 Films Grown via Atmospheric Pressure Chemical
Vapour Deposition using Trisilane

4.4.3.1 Using Sonophotolytically Treated Trisilane Solutions

Films grown by Atmospheric Pressure Chemical Vapour Deposition (APCVD)
have significantly different properties and greatly exceed the optoelectronic per-
formance of spin coated layers. This is true in spite of the rudimentary nature of

the experimental setup consisting of an inverted petri dish and a hot plate.

The question immediately arises as to the utility of an ink composed of higher
order silanes, polymeric silicon hydrides and Si-NPs, and what if any, effect their
presence has on, for instance, lowering the temperature required for APCVD. The
temperature required to decompose a silane molecule decreases as its chain length
increases. For instance, monosilane decomposes thermally at around 400 °C, while
disilane can be “cracked” at ~ 370°C [35] and trisilane at about 340°C, and so
the trend is toward lower temperatures the larger the silane molecule is. So at
a given temperature, having silanes with more than 3 Si atoms should facilitate
more bond breaking reactions at the heated substrate and hence contribute to
faster film growth. Also, since thermal bond cleavage of a chain preferentially

takes place at the middle of the chain, the decomposition products from silanes
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(a) (b)

Figure 4.25: (a) SEM image depicting silicon particles of ~ 200nm in size deposited
during film deposition via APCVD using an unfiltered formulation of the polysilane ink.
Their presence indicates that particles suspended in the ink are also transported in the
vapour phase toward the substrate during deposition. Note the smooth and featureless
thin film between the particles demonstrating the homogeneity of APCVD films compared
to spin coated samples. (b) Photograph of a typical ~ 100nm thick APCVD layer on a
5 x 5 cm? glass substrate using a standard (filtered) formulation of the TS ink.

larger than trisilane are less likely to be small volatile species that could desorb
from the substrate before reacting further on the hot surface [36]. This has been
well documented where growth rates are compared using monosilane, disilane,
trisilane and neopentasilane and where it is found that the larger silanes produce
higher CVD deposition rates [37]. As corroborated by Figure 4.25a, the fact that
much thicker layers are attainable with the composite ink is also attributed to the
additional presence of dense Si-NPs which also make their way to the substrate to

ultimately be integrated into the growing film.

Much faster film growth and thicker resulting layers are found for depositions
via APCVD with the sonophotolytically prepared inks compared to those carried
out using untreated TS/CO solutions (see next subsection). There is some evid-
ence in the form of SEM images that supports the supposition that Si-NPs are
transported in the vapour phase (i.e. in micro droplets) toward the substrate and
hence contribute to faster film growth. Shown in Figure 4.25a is a SEM image of
an a-Si:H thin film deposited using a ready-to-use, but unfiltered T'S/CO solution.

Under the assumption that relatively large colloids of the order of ~ 200 nm can
be transported in the vapour phase toward the substrate, it is postulated that smal-
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ler particles, including nanoparticles of < 10nm that are not directly observable
via SEM, also make their way to the substrate thereby contributing to film growth.
Apart from the obvious contribution of the dissolved polymer in sonophotolytic-
ally treated TS/CO solutions, the observation of Si-NPs on the surface of APCVD
films suggests that they are assimilated into the films and hence also contribute
to film growth. This helps account for the fact that ultrasonically treated TS inks
produce much thicker films compared to untreated T'S/CO solutions. With refer-
ence to the measurements presented in Figure 4.33 below, film thickness is found
to increase with increasing substrate temperature. This result suggests that film
growth via APCVD is thermally driven, where increasing temperature results in
more decomposition reactions at the substrate as well as in an enhanced surface
of reactive species in the vicinity of the surface of the growing film. As can be
seen from the space between the particles in Figure 4.25a, APCVD films are typ-
ically very smooth and homogeneous, possessing no pinholes or micro-cracks. The
photograph shown in Figure 4.25b demonstrates the macroscopic appearance of
a typical APCVD layer. Note the increasing thickness homogeneity towards the
centre of the sample where the heat distribution generated by the underlying hot

plate is most homogeneous.

4.4.3.2 Using Untreated Trisilane Solutions

The question arises as to the feasibility of using an untreated TS/CO solution to
deposit thin films via APCVD. To address this query, TS/CO solutions similar to
those used for the sonophotolytic preparation described in the previous section are
prepared (30-50 wt%) and used to grow films using a range of different substrate

temperatures.

We find that it is indeed possible to grow films using untreated TS,/CO solutions,
however these are significantly thinner and of inferior electronic quality compared
to those grown using treated solutions. In addition, onset temperature at which
deposition is enabled is at about 425°C, which is around 75°C higher than that
required when using the sonophotolytically prepared composite ink. The thinner
layers are attributed to the high volatility of TS which results in gas leakage
through the base of the petri dish. The higher temperatures required enable film
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growth are attributed to the relatively high thermal decomposition temperature
of TS at around 340°C resulting in fewer “docking” reactions at the surface of
the substrate or growing film. This is different to scenario with sonophotolytically
treated inks where low volatility polymeric species are transported toward the
substrate and subsequently partially decompose thereby generating more reactive

sites with which other impinging molecules can react.

4.4.4 Summary of Film Deposition, Growth and
Conversion

Two methods are used to deposit a-Si:H thin films, namely spin coating and AP-
CVD. With inks prepared from CPS, spin coating of 100 nm thick layers was as-
signed an effective deposition rates of ~ 20 nm min~!. With inks prepared from TS,
faster effective deposition rates of ~ 40 nm min~! can be achieved. As will be shown
in the next section, however, there is a substantial difference in the optoelectronic
quality of the spin coated films fabricated from inks prepared from cyclopentasil-
ane and those prepared from trisilane. On the other hand, although film growth
via APCVD using inks prepared from TS is considerably slower at ~ 5nmmin~*
compared to the effective deposition rates reached with spin coating, the thickness

homogeneity and optoelectronic quality of APCVD films is far superior.

The deposition via APCVD using the sonophotolytically prepared ink from trisil-
ane is fundamentally different in several respects compared to the method reported
in the literature [65]. Firstly, the ink is used in the form of a solution in an organic
solvent, namely CO. For one, this has the advantage that the effective boiling point
of the mixture is increased compared to TS. This mitigates evaporative losses of
unreacted TS in the ink, since TS also contributes to film growth. Moreover,
the contents of the ink includes a homologous series of silanes up to (at least)
octasilane, a branched higher silicon hydride as well as silicon nanoparticles, all
three species of which exhibit excellent dilution and/or dispersion properties. This
facilitates the coating of substrates at an increased rate since in addition to the
contribution from decomposition reactions of the various silanes at the growing
film, the vaporisation of the ink also enables the transport of pre-existing silicon
hydride polymers and silicon nanoparticles toward the hot substrate, the latter

two of which also contribute to film growth.
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4.5 Thin Film Post-Treatment and
Characterisation

This section is concerned with the post treatment and characterisation of thin films
deposited via spin coating and APCVD using polysilane inks prepared as described
in the preceding sections. The post treatment entails the exposure of a-Si:H to
hydrogen radicals generated via hot-wire and the characterisation is undertaken
using a several different techniques, including Fourier transform infrared spectro-
scopy (FTIR), electrical conductivity measurements, and photothermal deflection
spectroscopy (PDS).

4.5.1 Hydrogen Radical Treatment via Hot-Wire

Hydrogen radical (H') treatment of the films was carried out in order to improve
their optoelectronic properties by rehydrogenating the films thereby passivating
unsaturated Si bonds, otherwise known as dandling bonds, with atomic hydrogen.
The effects of H™ treatment on a-Si:H thin films depends on a wide range of ex-
perimental parameters. These parameters include the filament temperature (73,),
the heater temperature (Theater), the treatment time (¢y), the filament-substrate
spacing (dy.s), the pressure (p), and the molecular hydrogen (H,) flow rate (f).
Once rough conditions were found that lead to the passivation of the layers and
in order to restrict the vast parameter space, most of these parameters were held
fixed to set values throughout the passivation runs. These include Ty, dy.s, D,
and f.

The basic constraints on Ty, are that it needs to be sufficiently high so as to
enable the catalytic decomposition of Hy and that an adequate H' concentration
(c;ad) should be produced to enable the passivation of the thin films in reasonable
times of the order of minutes to hours. In addition, it was found that T}, > 1550 °C
lead to detrimental etching of the layers which hence provided an upper temperat-
ure limit for the experimental setup. Using known literature values as guides [13,

69], the flow and pressure are set to f = 50sccm and p = 0.05 mbar, respectively.
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Table 4.2: Summary of the parameters employed for the hydrogen radical treatment of
the a-Si:H thin films fabricated from the liquid polysilane inks.

Parameter Fixed value Variation range
Filament temperature Ty - 1300-1550°C
Heater temperature Theater - 400-450°C
Treatment time tH - 30-120 min
Filament-substrate spacing  dy.g 70 mm -
Process pressure P 0.05 mbar -

H, flow rate f 50 sccm -

Although lower pressures in the range ~ 0.002 mbar are reported, it was not pos-
sible to reduce the process pressure any further due to the lower measuring limit

of 0.01 mbar of the pressure gauge used.

Although d,.s was fixed at 70 mm due to constructional limitations, its value
was set as such so as to allow for sufficient distance to the filaments to mitigate
unintentional heating and close enough to be within the mean free path length, Iy

, of the generated radicals. Here, Iy is estimated via the following expression

N
H ﬂﬂpd%’

where Boltzmann’s constant k =1.38 x 1072m?kgs~! K~2, T, in the range 1500
1850 K, p = 0.05 mbar = 5Pa, and the diameter of atomic hydrogen dy = 74 pm.

(4.1)

With these values it is found that Il lies in the range 170-210 mm, thus justifying
the choice of dy..

The temperature of the substrates themselves was not directly determinable,
however it plays a central role in the diffusion of H' into the bulk of the thin films.
For Theater < 250°C strong etching of the films was observed, indicating that the
H" were predominantly surface-bound and did not possess sufficient mobility to
diffuse into the bulk. The heater itself had a thermal tolerance limit of 450 °C and
it is estimated that the substrates reach about 2/3 of this temperature. Hence,
Theater = 400-450°C in most experiments, which roughly corresponds to an actual
substrate temperature, T, of 265-300°C. This temperature range is also appro-

priate since it is important that T, remains below the conversion temperature,
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T.onv, at which the layers themselves were fabricated. With this parameter range
ty is varied from 0-120 min in steps of 30 min. Table 4.2 summarises the various

parameters and their values.

The working range was found to be robust when considering the slight vari-
ation in the first two parameters, namely Ty, and Tieater- As will be shown in the
next section, the hydrogen content, microstructure and optoelectronic properties
of treated films could be varied by changing tg. In general, the most drastic im-
provement was achieved in the first 30 min, with only minor further improvements
after 60 min. However, most samples submitted to 120 min of exposure showed

neither signs of further improvement nor of degradation in quality.

4.5.2 Passivated Films from Inks Prepared from
Cyclopentasilane

In the following, the effects of submitting a series of a-Si:H layers to increasingly
longer H' treatment times are described. The films are spin coated on glass and
¢-Si substrates using a sonochemically prepared ink with CPS as precursor. The
ink was prepared using a 12.6 wt% CPS/CO solution sonicated for 280 min at
65-70°C. The passivation parameters were Ty, = 1300 °C, Theater = 450 °C, with
ty = 0, 30,60 and 120 min. The samples are analysed characterised by profilometry
to determine their thickness d and FTIR is used to study their morphology via
the microstructure factor R, and in conjunction with the measured d, to estimate
their hydrogen content cyy. PDS measurements are carried out on similar samples
deposited on glass. In addition, electrical conductivity measurements are also done

to determine the optoelectronic performance of the films.

As depicted in Figure 4.26 (a), the layers are progressively etched with in-
creasing H' exposure. It should be pointed out that the 60 min sample exhibits
an anomalously reduced d which is explained by rather pronounced thickness in-
homogeneity from sample to sample, as well as within the films themselves. The
morphology of the samples, however, shows a clear improvement with increasing

tg. Here, the untreated film possesses an R = 75 %, while the film passivated for
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Figure 4.26: Plots depicting changes in film thickness d, microstructure factor R and
hydrogen content cy as a function of hydrogen treatment time ty for layers deposited
via spin coating using a sonochemically prepared ink with CPS as precursor. In gen-
eral, d decreases with increasing tg due to H etching. R is also seen to continuously
decrease indicating that preferentially more H is incorporated into monovalent dangling
bonds in dense bulk material rather than at the internal surfaces of microvoids (refer
to Figure 4.27a for the corresponding FTIR spectra). cpy reaches a mazimum of about
5.5at% for ty = 60min, thereafter diminishing slightly for the 120 min sample.

60 min shows the best value of R at around 64 %. The 120 min sample exhibits a
slightly increased R, nonetheless it remains low at 66 %. Interestingly, and as was
the case for R, the amount of rehydrogenation of the films appears to make its
most drastic improvement within the first 30-60min of H" treatment. A hydro-

gen concentration of 4.6 at% is reached for tg = 30 min and a quadrupling of ¢y

102



4.5 Thin Film Post-Treatment and Characterisation

does not result in much further H incorporation, where cy is seen to increase only

slightly to 4.9 at% for the 120 min sample.

The data points in (b) and (c) of Figure 4.26 (and in conjunction with the
separately measured d) are derived from an analysis of the FTIR spectra shown
in Figure 4.27a. The FTIR signals have been normalised in order to highlight the
microstructural changes that occur in the films upon H' treatment. Evidently, the
relative growth of the 2000 cm™! mode is in general agreement with the R vs. ty
trend in the central plot of Figure 4.26.

The plot in Figure 4.27b shows PDS spectra illustrating the corresponding
changes in the absorption coefficient o as a function of photon energy hv for
twin layers deposited on glass substrates and subjected to H' treatment for the
times shown. The 30 and 60 min samples show similar behaviour with slightly
reduced defect densities in the band gap between 1.0-1.4eV. The 120 min sample,
however, appears to have degenerated somewhat during passivation compared to
the tg < 60 min samples.

Lastly, the optoelectrical characterisation of the films via lateral electrical con-
ductivity measurements are considered. Plotted in Figure 4.28 are the photocon-
ductivity op, on the left (blue) and dark conductivity oq (black) on the right as a
function of t. As was the case for the microstructure and the hydrogen concen-
tration, the most significant improvement in optoelectrical performance is reached
after 30min of H' treatment in this series of measurements. Both oq and opy,
improve by about an order of magnitude after passivation. Although the 120 min
sample lost a third of its thickness upon passivation, it exhibited the highest oy
of 2.4 x 1078 Sem™! and the second lowest o4 of 1.1 x 1071 Sem™!. Only minor
variations in the conductivity values are evident after 30 min of treatment. The
slight scattering in the values after treatment is attributed to inhomogeneities in

film thickness and quality and not to actual improvements with increasing ty.

In general, spin coated samples using CPS based inks prepared via sonication
are found to attain a oq of 1 x 10799 x 107" Sem™ and a oy, ranging from
1 x 10781 x 107 Sem™!. This results in a opr ranging from 1-10%. After under-
going hydrogen radical treatment, the o4 usually decreases to even lower values in
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Figure 4.27: The plot on the left shows the normalised FTIR spectra of the layers
corresponding to the data presented in Figure 4.26. The spectra demonstrate the relative
growth of the 2000 cm™! mode upon H passivation for all samples. The plot on the right
displays the PDS spectra for twin samples deposited on glass.
improvement in the defect density between 1.0-1.4eV for as well as slightly steeper band
edge slopes for the 30 and 60 min samples. However, the 120 min sample appears to have
deteriorated somewhat in these two respects. Note that the 120min blue PDS curve has

been smoothed for clarity.
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Figure 4.28: Semi-logarithmic plot of the photoconductivity oy, in blue and dark con-
ductivity oq in black versus hydrogen treatment time ty. Most of the improvement is
observed to take place within the first 30 min of passivation where op, and o4 are seen to
increase and decrease by about an order of magnitude, respectively. Quadrupling the tg
to 120min does not result in significant further improvements.

the range of 3.0 x 107" Sem™! and oy, increases only slightly to 2.4 x 107®Scm™!
for the best films. The opg is hence improved to ~ 10® and a value of 2 x 103
was reached by the best sample. The values of o, prior to and after hydro-
gen radical treatment lag behind known literature photoconductivities for spin
coated films using CPS monomer by a factor of 10?2, where the literature stand-
ards lie in the range 5 x 1075-9 x 1075Scem™! [13]. This deficiency may be due
to suboptimal hydridosilane polymer properties for optimal cross-linking, unop-

timised passivation parameters or point to impurities in the CPS monomer batch.

4.5.3 Passivated Films from Inks Prepared from Trisilane
4.5.3.1 Spin Coated Films

The present section follows a similar structure to the previous one except that here

films fabricated using a sonophotolytically synthesised ink with TS as precursor
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are analysed. The ink was prepared using a 40wt% TS/CO solution sonicated
for 80 min at between—3-1°C and subsequently irradiated with 365nm UV light
at room-temperature for ca. 40hr. The passivation parameters used for these
experiments were Ty, = 1350 °C, Theater = 450 °C, with ty = 0, 30,60 and 120 min.

Once again, the thickness d of the samples is determined by profilometry. FTIR,
is used to derive the microstructure factor R, and in conjunction with the measured
d, to estimate their hydrogen content cy. On similar samples deposited on glass

substrates PDS and electrical conductivity measurements are carried out.

Depicted in Figure 4.29 are the results of the H passivation experiments. In plot
(a) once more it can be seen that exposure to atomic hydrogen leads to detrimental
etching of the layers. The loss in d, however, is at most 25nm as measured for
the 120 min sample. This is significantly less than the ~ 50 nm measured for the
most highly etched CPS samples. As ty is increased a continuous improvement of
the morphology of the material is observed. Here R = 62% for the 60 min sample
and after doubling ty to 120 min, R drops to the very low value of 54 %. It should
be pointed out that the intensity of the FTIR signal for the 120 min sample (see
Figure 4.30a below) was considerably lower than for the other samples, in spite of
the fact that its d was not significantly thinner. This is evident from the slightly
larger signal-to-noise ratio of the normalised (blue) curve corresponding to the
120 min sample in the figure. Consequently, the hydrogen concentration in the
films is not observed to continuously increase as was the case for the CPS layers,
but rather it reaches a maximum of 7.7 at% after 60 min, thereafter falling sharply
to 4.4 at% when ty is doubled to 120 min.

Depicted in the plots of Figure 4.30a are the FTIR and PDS spectra corres-
ponding to the same series under discussion. The normalised FTIR plot on the
left makes evident the substantial evolution of the microstructure of the layers
upon hydrogenation. Replicating the decreasing trend in R plotted in the central
graph of Figure 4.29, a systematic growth of the 2000 cm™" stretching mode relat-
ive to the one at 2080 cm™ is observed. The as-deposited sample has an R = 87 %,
which after 120 min of H" exposure decreases to the lowest value hitherto reported

in the known literature for a spin coated layer of 54 %.
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Figure 4.29: Plots depicting changes in film thickness d, microstructure factor R and
hydrogen content cy as a function of hydrogen treatment time ty for layers deposited
via spin coating using a sonophotolytically prepared ink with TS as precursor. As ty is
increased, d decreases due to H etching as was the case for the CPS samples of Figure 4.26.
R is also seen to continuously decrease, this being indicative of the saturation of dangling
bonds in dense bulk material rather than at the internal surfaces of microvoids (refer to
Figure 4.30a for the corresponding FTIR spectra). The cy reaches a mazimum of 7.7 at%
for ty = 60min, thereafter it diminishes significantly to 4.4at% for the 120 min sample.

The microstructural changes indicate that much of the atomic hydrogen that is
incorporated into the a-Si matrix finds its way to Si dangling bond monovacancy
sites in dense regions of the material and in so doing passivating unsaturated
defects. Presented in Figure 4.30b are PDS spectra of similar films deposited on
glass rather than on c-Si substrates. Here, however, a somewhat different picture
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Figure 4.30: (a) Plot of the normalised FTIR spectra of the layers corresponding to the
data presented in Figure 4.29. The spectra demonstrate the systematic relative growth of
the 2000 cm™ mode upon H passivation for all samples. Note the slightly higher signal-
to-noise ratio of the blue curve stemming from its much lower original intensity. (b)
Plot displaying the PDS spectra for twin samples deposited on glass. There is a minor
improvement in the defect density between 1.0-1.4eV and the band edge slopes are slightly
steeper for the 30 and 60 min samples. The band edge slope of the 120 min sample remains
essentially unchanged. Also evident is the increase in band gap of the material after H
passivation.
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as to the structural changes in the layers upon H' treatment is observed. The
absorption in the sub band gap region between 1.0-1.4 eV associated with dangling
bond defects is only minimally reduced after passivation and even less so for the
120 min, which in the above account showed the highest relative passivation of
dangling bonds as inferred via FTIR spectroscopy. These seemingly contradictory
observations may be clarified by considering the fact that the measurements stem
from two different samples, one spin coated in glass, the other on c-Si. The second
thing to notice in the plots of the films after passivation is the increase in their

Eyy, ie. the value of the band gap at o = 10* cm™!.

The untreated layer has
an Fy, = 1.64eV and the one for the tg = 120 min sample grows to 1.84eV.
It thus appears that although the 120 min sample did not possess the greatest
concentration of H, its assimilation into the amorphous network and the associated
passivation of dangling bonds resulted in the largest band gap increase of 0.2eV.
Finally, only for the 30 and 60 min samples does the slope of the band edge increase

slightly, steeper slopes being associated with an enhanced near range order.

Lastly, the results of the optoelectrical characterisation of the T'S-derived films
via lateral electrical conductivity measurements are considered. Plotted in Fig-
ure 4.31 are the photoconductivity oy, (blue) and dark conductivity o4 (black) as
a function of ty. Analogously to the case of CPS-derived films, the most significant
improvement in optoelectrical performance is reached after 30 min of H' treatment.
Here, however, o4 decreases by a factor of ~ 0.9 and op, improves by almost two
orders of magnitude after 30 min of passivation. In this series, the highest op,, was
attained in the 120 min sample (2.5 x 107" Sem™1). Only minor improvements in
opn are measured after 30 min of treatment and in terms of opg, the layers are best
for ty < 60min. The accompanying increase in oq to 3.8 x 1071°Scem™! for the

120 min sample could not be fully explained.

Figure 4.32 includes plots for films fabricated from CPS based inks (a) and TS
based inks (b) summarising the o4 and oy, measurements for films with a variety
of different thicknesses after H' treatment. Immediately apparent is the broader
scattering of the o4 data points (grey shading) and the higher oy}, reached with
TS based inks (higher-lying light blue shading in (b)).

With reference to the hollow data points in Figure 4.32, untreated films prepared

from TS-based inks typically have a o4 in the range 1 x 10785 x 107?Sem™!
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Figure 4.31: Semi-logarithmic plot of the photoconductivity opy, in blue and dark con-
ductivity o4 in black versus hydrogen treatment time ty for spin coated films using a TS
based ink. Most of the improvement is observed to take place within the first 30 min of
passivation, where o4 reaches its lowest value and oy, has already improved by a factor

of 30. Quadrupling ty to 120 min results in a higher o4 and a mazimum improvement of

opn where it reaches 2.5 x 1077Sem—L.

which is up to two orders of magnitude higher than their CPS counterparts. The
opn of untreated films is similar to that of layers fabricated from CPS based inks
and lies in the range 2 x 10786 x 1071°Scecm™.

In general, prior to H' treatment the layers have a very poor initial opg in the
limited range of 0.1-10'. Surprisingly, it is only after hydrogen passivation that
the TS based films demonstrate their superior optoelectronic behaviour. While
o4 can decrease further to about ~ 3.0 x 107 Sem™!, the oy increases up to
2.8 x 107" Scem™! for the best sample. Consequently, opr reaches 5.7 x 10% which
is a factor of roughly 2.9 better than films fabricated from CPS-based inks. It is,
however, the higher oy, which is a factor of 12 greater that demonstrates that inks
prepared from TS can be used to fabricate good quality a-Si:H thin films. The op,
of this films is, for instance, only a factor of ~ 9 lower than that of films fabricated
from NPS based inks [14].
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Figure 4.32: Summary of dark (04) and photoconductivity (o,),) measurements of spin

coated samples of varying thickness after hydrogen radical treatment for inks prepared us-

ing CPS (a) and TS (b) as precursor. The empty squares represent exemplary untreated
films and the orange ellipsoids indicate the films that attained the best photoresponse
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4.5.3.2 APCVD Films

In the following, the influence of the APCVD deposition temperature and H" post-
treatment on the optoelectronic quality of TS-derived films is addressed. As ex-
plained in Chapter 3, the APCVD deposition procedure involves preheating the
substrates on the hot plate and covering them with an inverted petri dish previ-
ously coated with some ink and thereby creating a vaporised hydridosilane atmo-

sphere within the enclosed space.

Figures 4.33 and 4.34 summarise an APCVD deposition series using a sonopho-
tolytically synthesised ink and where the substrate temperature Ty, was varied
between 325-450°C. In Figure 4.33, the samples were characterised using profilo-
metry to measure their thickness d and FTIR was employed to infer the morpho-
logy of the material in terms of the microstructure factor R. The concentration of
hydrogen cp in the films was estimated using d and the FTIR signal intensity as
outlined in Section 2.3.2. Plot 28a) clearly shows that d increases with increas-
ing Ty which suggests that film growth via APCVD may be, at least partially,
thermally driven. One would hence expect that as Ty, is raised that an increased

number of decomposition reactions take place at the substrate surfaces which in
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Figure 4.33: Plots depicting changes in (a) film thickness d, (b) microstructure factor
R and (¢) hydrogen content cy as a function of substrate temperature Tsy for lay-
ers deposited via APCVD before (dashed lines) and after (solid lines) H' treatment at
Theater = 450°C. In general, d and cy increase, while R decreases with increasing Tgyp.
Upon H' treatment, the layers experience a reduction in d due to H etching. For Tgy
between 350-425°C, cy increases substantially up to about 18 at% for the 375°C sample.
For Tgy, > 400°C, R remains essentially unchanged.

turn should lead to an increased growth rate. In addition, since the deposition is
strictly speaking not a “closed-space” CVD technique, the precursor vapour can
easily escape from the confines of the petri dish through the dish edge in con-
tact with the hot plate. Thus if Ty, is not sufficiently high so as to promote film
growth, the precursor vapour has a higher probability of leaking out of the reaction

space before taking part in a reaction at the substrate. Also evident in the plot is
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an average decrease of about 20 nm in film thickness over the whole temperature
range after H' treatment at a substrate heater tempearuture Tieater = 450 °C due
to H" etching of the surface during passivation. In general, however, the relative
loss in d, i.e. (dpefore — datter)/ (dbefore + dater ), decreases from 56 rel% for the 350 °C
sample to a mere 3.5rel% for the 475°C sample. This observation suggests that
layers deposited at higher temperatures are denser and hence more resistant to
unintentional H" etching. It should be pointed out that APCVD films deposited
(or spin coated films converted) at temperatures < 350 °C possess very low con-
ductivities with o4 & opp ~ 1071°Sem ™ and consequently have correspondingly

low opg in the range 0.5-5.

Plot (b) of Figure 4.33 reveals that R decreases to about 33 % as Ty, is increased
up to around 400 °C. This indicates that the relative intensity of the monohydride
stretching mode at 2000 cm ™! is at its highest value in this temperature range. The
reader will recall that this mode is associated with Si-H bonds where the H has
passivated a previously unsaturated Si dangling bond at a monovacancy /divacancy
site in a compact amorphous network. For Ty,, > 375°C the value of R remains
relatively constant at values between 50-33 % and is not strongly influenced by
H" treatment. This suggests that no major additional reconstruction of the a-Si
matrix likely takes place for these temperatures during passivation. It should be
noted that previous experience with substrate heating shows that Theater = 450 °C
corresponds Ty, = 300°C, i.e. roughly 2/3 of the heater temperature. This means
that the samples deposited at < 350°C were submitted to similar temperatures
during H' treatment as during their actual fabrication. These two samples are also

the ones exhibiting the most pronounced change in R after H" treatment.

Finally, the hydrogen content cy in the films before and after H' treatment is
shown in Figure 4.33 (c). The analysis shows that as the deposition temperature
is increased, the as-deposited layers are able to incorporate increasingly higher
amounts of H during growth, where ¢y exceeds the 9at% mark at Ty, = 450 °C.
The H content prior to and after H passivation is in films deposited at 325°C and
450 °C remains constant at approximately 2.5at% and 9.5 at%, respectively.

For the 325°C sample this might be due to a polymer-like microstructure that
does not respond well to hydrogenation upon H' exposure but rather, prone to
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Figure 4.34: (a) Plots of the photoconductivity opy, (blue data points) and dark con-
ductivity oq as a function of substrate temperature Tsyy for the same APCVD layers of
Figure 4.33 before (dashed lines) and after (solid lines) H' treatment. The orange ellips-
oid highlights the film that attained the best photoresponse of 3 x 10°. (b) Plot of oy
and o g4 versus microstructure factor R after H treatment for the APCVD TS samples of
Figure 4.33, as well as the spun CPS and TS samples of Figures 4.26 and 4.29. Clearly
apparent is the correlation between R and oy, where independent of film fabrication tech-
nique or precursor ink, films with a more compact morphology (lower R) have higher opy,.

Microstructure factor R (%)

No such trend is discernible for og4.
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H" etching. The 450°C film is presumably denser and less receptive to additional
hydrogenation. Nonetheless, R does improve slightly after treatment which might
be due to either the etching away of a predominantly microvoid rich surface or the
additional diffusion of hydrogen to dangling bond sites at dense regions of the films
or out-diffusion from voids. For intermediate temperatures between 350-425 °C the
films respond strongly to H exposure where on average cy increases by a factor 2.8
after treatment. Reference to Figure 4.33 (b) reveals that the significant additional
incorporation of H into the films is not reflected in any systematic manner in the
inferred morphology as estimated by the microstructure, since R remains stable

within experimental uncertainty.

In Figure 4.34 the results of the optoelectrical performance characterisation
by dark (oq) and photoconductivity (opn) measurements is presented. The g
ranges from 1072107 Scm™! for unpassivated films and remains unaffected after
H treatment for all temperatures except for the 325°C and 450°C samples. As
evident from the FTIR measurements, both the 325°C and the 325°C sampled
have rather poor microstructure factors both prior to and after H' treatment.
This microvoid-rich and presumably defect-rich morphology correlates well with
the very low conductivities of the films. The correspondingly low opy for this
sample can also be explained by considering the fact that the films were partially
transparent and hence possessed poor light absorbance. It should also be men-
tioned that the 325°C films were very thin and their thickness was difficult to
measure (dpefore = 18, dagrer = Hnm) so that the calculated conductivities are

associated with rather large uncertainties.

For the 450°C sample the o4 is reduced by almost an order of magnitude re-
flecting the improvement in R seen in the central plot of Figure 4.33 as well as a
slightly steeper band edge slope and a lower band gap defect density (see discussion
of PDS measurements). For all other samples in the range 350 °C < Ty, < 425°C,
04 remains practically unchanged and the chief improvement is seen in the marked
increase in o4, and in turn, in opgr. The improvement in oy, is seen to diminish
in absolute magnitude as Ty, is raised, for instance the opy of the 350 °C samples

improves by a factor of 6.7 x 10?, while that of the 425 °C sample by a mere 6.2.

In this series oy, appears to remain at a fairly flat maximum above Ty, = 350 °C.

1

A maximum value of 8.2 x 1075Sem™" is attained for the Ty, = 375°C sample.
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The general decreasing trend in o, and rising o4 above 375 °C appears to correlate
with the falling cg found in Figure 4.34 (b) and not with the microstructure since
R remains relatively constant throughout this temperature range. A summary
of the optoelectronic performance of the best films fabricated in this work using
inks prepared from CPS (spin coated) and TS (spin coated, APCVD, and p-type
APCVD) as well as various state-of-the-art reference values from the literature is

given in Table 4.3.

In order to highlight the material properties of the APCVD layers as they com-
pare to PECVD films, Figure 4.35 shows the FTIR, PDS, and Raman spectra of
the samples deposited at 400 °C which appear in Figures 4.33 and 4.34.

The FTIR spectra in Figure 4.35a show that there is still a significant contribu-
tion from the SiH/SiH, stretching mode at 2080 cm™!, even after post-treatment
with H radicals. The origin of this residual component, which is associated with H
vibrations at the inner surface of microvoids. This morphology might be caused by
insufficient mobility of reactive species (e.g. SiHs and H) in the vicinity of the film
boundary during deposition which would hinder them from reaching docking sites
that would otherwise lead to denser bulk material. Another plausible explanation
is the deposition of larger silicon clusters or polymers which are already present
in the vapourised ink. Since these would presumably already have a pre-existing
morphology and a low mobility due to their size, they may not be easily assimil-
ated into the growing film. Note that the curve after passivation appears to have
a broadened right slope at ~ 2100cm™!, which on account of the emergence of
modes (not shown) in the range 840-910 cm™! (refer to Table 4.1) is attributed to
the formation of various polyhydrides at the surface of the film or at microvoids
in the bulk.

As evident from the PDS spectra in Figure 4.35b, the as-deposited APCVD film
is found to have an Fy, optical band gap of ca. 1.79eV, which increases slightly to
1.85eV after H' treatment due to more bonded hydrogen in the bulk. The absorp-
tion coefficient o is ~ 50cm™! at 1.1eV prior to and ~ 20 cm ™! after passivation.
This value of « is associated with dangling bond defects and is about a factor
of 6 higher than that of state-or-the-art PECVD thin films. The shallower slope
of the band tail or edge between 1.5-1.9eV compared to the PECVD reference
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Table 4.3: Summary of the electrical conductivity performance of thin films made from
CPS and TS based inks after pyrolytic conversion and hydrogen radical treatment. The
PECVD reference values shown are the same as those given in [14]. All photoconductivity
values are calculated from measurements carried out under appror. AM 1.5 illumination
conditions.

Material Deposition method Photoconductivity Dark conductivity ~Photoresponse
oph (S em™1) aq (Sem™1) Oph/0d

CPS Spin coating 2.4 %1078 1.1 x 1071 2.2 x 10°
TS Spin coating 2.8 x 1077 4.8 x 1071 5.7 x 108
cpsitl Spin coating 9.0 x 1076 2.0 x 1071 4.5 x 10°
NPs/t4] Spin coating 2.5 %1076 3.3x 1071 7.7 x 104
TS Petri dish APCVD 8.2x 1076 2.9 x 10711 2.8 x 10°
Cps!ool APCVD 1.1x 1075 1.7x 10711 6.4 x 10°
Monosilane PECVD 3.4 x107° 1.4 x 10710 2.4 x 10°
p-type TS Petri dish APCVD - 4.6 x 1074 -
p-type NPSIM | Spin coating - 1.1 x 1073 -
p-type CPSIO5] | Petri dish APCVD - 1.4 x 1074 -

suggests that the APCVD films have a higher degree of near range disorder as well
as a higher concentration of charge carrier trapping states. The higher dangling
bond defect density and shallower band tails are believed to be responsible for the
slightly lower optoelectrical performance of the APCVD films as compared to solar
grade PECVD material.

Lastly, the Raman spectra shown in Figure 4.35¢ give insights into the changes in
atomic bonding brought about after exposure to H radicals. The as deposited film
(dashed blue curve) exhibits three main phonon modes, namely the w5, wro, and
wro at ~ 310em ™!, ~ 400 cm™!, and 470.1cm™?, respectively. The wro phonon
peak has a half width at half maximum (HWHM) calculated using the right half of
the peak of 35.2cm™"!. After passivation (solid blue curve), the wro peak maximum
and HWHM change to 474.9cm™! and 33.5cm™!, respectively. Furthermore, the
intensities of the wy,x and wy,o modes significantly decrease in intensity relative to
wto- The changes in peak position, width, and relative intensities are ascribed
to modifications to the a-Si:H matrix brought about by rearrangement of weak
Si-Si bonds and/or formation of new, more stable ones. The shift of wro to higher
wavenumbers is associated with a more relaxed network (i.e. less strained or

stressed bonds).
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Figure 4.35: Spectroscopic measurements corresponding to the APCVD samples from
Figures 4.33 and 4.34 deposited at 375°C prior to and after H passivation. (a) Normal-
ised FTIR spectra depicting the Si-H stretching modes at ~ 2000cm™'. (b) PDS spectra
of the sub band gap and band edge regions. (c) Normalised Raman spectra showing the

Wra, Wro, and wpo phonon modes. For comparison, the plots also include reference
curves for state-of-the-art PECVD layers.
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The accompanying narrowing is attributed to an increase in short range struc-
tural order due to a narrower distribution of strain and Si-Si bond angles as a
result of matrix reconstruction upon exposure to atomic hydrogen. In accordance
with Bronger at al. [14], the decrease in wrg points to enhanced medium range
order (MRO) after passivation. For comparison, the state-of-the-art PECVD ref-
erence (black dot-dash curve) has a wro peak maximum at higher wavenumber
(479.4cm™!) and a narrower HWHM (31.3cm™). The intensity of the wr,o phonon
is also weaker than for passivated APCVD material, indicating material with still
higher MRO.

4.5.4 Summary of Film Post-Treatment and
Characterisation

The post treatment of the a-Si:H thin films entailed their exposure to hydrogen
radicals generated via hot-wire which, in general, resulted in a significant improve-
ment of their optoelectronic properties. The characterisation involved spectro-
scopic techniques such as Fourier infrared spectroscopy and photothermal deflec-
tion spectroscopy. In addition, the layers were characterised optoelectrically by

way of dark and photoconductivity measurements.

The results demonstrate that the polysilane inks prepared from both cyclo-
pentasilane and trisilane can be successfully used to fabricate a-Si:H thin films
suitable for application in semiconductor optoelectronic devices. In general, the
films fabricated from cyclopentasilane-based inks demonstrated poorer optoelec-
tronic performance compared to similarly spun films using trisilane-based inks.
The disparity in quality was explained by, for instance, differences in film mor-
phology and higher dangling bond defect densities as inferred from higher sub
band gap absorption. This in turn may have its origins in the unoptimised nature
of the ultrasonically synthesised polymer from cyclopenasilane monomer or, since
the monomer is not of semiconductor-grade purity, in the presence of impurit-

ies.

While the spin coated layers fabricated from the trisilane-based ink are yet
to attain the optoelectronic quality of films prepared from cyclopentasilane or
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Figure 4.36: (a) FTIR spectra depicting the Si— H stretching modes at 2000-2080 cm ™+
for the best spin coated film using an ink prepared from TS (blue curve, same sample de-
picted in Figure 4.30a) compared to one prepared from a neopentasilane (NPS) based ink
by Bronger et al. (black curve). Note that both films were been subjected to hydrogen rad-
ical treatment prior to measurement. (b) PDS spectra depicting the absorption coefficient
« as a function of energy hv for an as-deposited APCVD film (blue curve) compared to a
spin coated film fabricated by Bronger et al. from a NPS based ink after hydrogen radical
treatment (black curve). The dashed blue line between 0.7-1.2cm™ is simply a guide to
the eye. Both NPS references are taken from [14].

neopentasilane, it is believed that certain aspects of the films, such as the morpho-
logy, are on par with the state-of-the-art. Figure 4.36a shows two FTIR spectra
of films deposited via spin coating, one using the trisilane-based ink (blue curve)
and another using a neopentasilane (NPS) based ink (red curve). The red curve
is quoted as having a microstructure factor (R) of 52 %, while the blue curve has

R = 54%. The similarity of their infrared morphologies, with significantly more
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contribution from the 2000 cm~! mode than was found for cyclopentasilane-derived
material, leads us to infer that the higher silicon hydride polymer synthesised from
trisilane and neopentasilane monomer is rather similar since the inks evidently lead
to excellent cross-linking (i.e. to compact material with low R values) upon pyro-

lytic conversion and post-treatment with atomic hydrogen.

On the other hand, films deposited via APCVD yielded far superior material
compared to that of spin coated layers. As of this writing, the best films deposited
by APCVD have a band gap structure close to that of the best known solution-
processed films where a band structure has been published, namely of spin coated
neopentasilane-based inks by Bronger et al. Shown in Figure 4.36b are the PDS
spectra of the best film to date (blue) compared to the film by Bronger et al. (red).
Note that as opposed to the spun film, this APCVD film was measured as-deposited
without any hot-wire H" treatment. For this APCVD film, Ey, = 1.93eV compared
to 1.98eV for the reference. Also, the band tail of the APCVD film is slightly
broader. The sub band gap absorption at 1.1eV is roughly a factor of 2 higher for
the APCVD film. Notwithstanding, this film possessed a high photoconductivity
of 107Sem™!. It is hence believed that further optimisation of the APCVD
technique should eventually permit the deposition of films with sufficiently high
optoelectronic quality to discard with the need for post-depositional H" treatment.
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4.6 Optoelectronic Applications

4.6.1 Photovoltaic Devices

To test the utility of the intrinsic layers for optoelectronic applications, thin-film
a-Si:H solar cells were fabricated. Since only undoped inks were available at the
time of the experiments, the intrinsic absorber layer was solution-processed and
the n and p-doped layers were deposited via PECVD. Since the n-type layer
is known to be less affected by high temperature annealing than the p-layer,
the layer stack was chosen in the n-i-p configuration. This allowed for the pre-
paration of the i-layer, whose deposition by spin coating or APCVD requires
~ 400°C, on top of the n-layer without detrimentally affecting its electrical per-
formance. Figure 4.37 shows a current density J versus voltage V' (or JV) plot
of two solar cells, where the i-layer was deposited via spin coating (red) or AP-
CVD (blue).

Evident from the curves is the significant difference in photovoltaic performance
between the two devices. With the exception of the absorber layer and its de-
position method, both cells where identically processed and hence the differences
are attributable to the thickness and optoelectrical quality of the i-layers. The
spin coated layer had an estimated thickness of ~ 80nm, while the APCVD layer
was ~ 120nm. The thicker APCVD absorber partly explains the higher Isc of
10.0mA cm™2 compared to the 2.85 mA cm™2 of the cell with the spun i-layer, since
more light can be absorbed and hence more charge carriers can be generated in
the former. More importantly, however, is the superior quality of APCVD ma-
terial demonstrated in previous sections. The performance of APCVD was shown
to supersede that of spun layers in practically every aspect, including microstruc-
ture, sub band gap defect density, and near-range order. This is reflected, for
instance, in a lower series resistance Rg of 106 Q (vs. 661€) and higher shunt
resistance Rgp of 2146 (vs. 1457€Q)) for the APCVD-layer device. Also ap-
parent are the lower V., Ji. and F'F' of the spun cell which can be ascribed to
suboptimal film homogeneity, the presence of pinholes, and a comparatively low

photoresponse.
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Figure 4.37: JV curves of n-i-p type thin-film solar cells with PECVD n and p-doped
layers and a solution-processed intrinsic absorber layer deposited via spin coating (red)
or APCVD (blue) and submitted to H treatment. Both cells had an area of 25 mm? and
an effective area of 19.8mm? when shadowing from the Ag contact grid is taken into
account. The quality of the APCVD cell is clearly superior, exhibiting an efficiency n of
3.41% compared to 0.49% for the spin cast cell.

4.6.2 Passivation Layers

The high purity of the ink as well as the excellent surface coverage and the con-
trollable growth rates possible with APCVD enabled the material to be used for

the deposition of surface passivation layers.

Shown in Figure 4.38 are selected properties of an n-type c-Si wafer sample
with both its front and rear faces passivated with thin 10-20nm APCVD layers as
described in Section 3.3.2. Figure 4.38a shows a log-log plot of effective minority
carrier lifetime 7. versus Ap for the as-deposited (0 min) sample and after anneal-
ing at 220°C for 30, 60 and 120 min. The arrow at Ap = 10'® cm™2 indicates the
slightly decreasing value of 7.g at a minority carrier density Ap of 10'° em™2 with
increasing annealing time t5. The data points and arrow labelled ¢V, show where

the values of the implied open circuit voltage iV, were estimated.
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Figure 4.38: Plots depicting selected passivation layer properties as a function of minor-
ity carrier density Ap and annealing timet 4. (a) Log-log plot of effective minority carrier
lifetime T versus Ap for the as-deposited (0min) sample and after 30, 60 and 120 min
annealing at 220 °C. The layer stack is reproduced schematically in the inset. The arrow
at Ap = 1015 cm=2 and the arrow labelled iV, indicate where the values for Teg and iV
were taken, respectively. (b) Half-logarithmic plot of Tes and iV,e versus ta. Here, both
quantities reach their maximum values prior to annealing, namely 412 us and 667mV,

respectively.
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Plotted in Figure 4.38b is a half-logarithmic plot of 7.¢ and iV, as a function
of to. Here, both quantities are highest prior to annealing, decreasing slightly, but
remaining stable with increasing t5. The best values of 7. and ¢V are 412 ps and
667mV, respectively. This value of 7o¢ yields an effective surface recombination
velocity Seg = 340cms~!. Evidently the additional annealing at 220°C did not
result in an improvement of the passivation quality, which may be related to the

higher temperature at which the layers where deposited (~ 350 °C).

4.6.3 Summary of Optoelectronic Applications

The implementation of intrinsic hydrogenated amorphous silicon thin films in op-

toelectronic devices was successfully demonstrated.

The n-i-p type thin-film solar cells were fabricated with PECVD n and p-doped
layers, and intrinsic absorber layers deposited via spin coating and APCVD. The
best cells with spin coated and APCVD absorbers had efficiencies of 0.49 % and
3.41 %, respectively. The poorer performance of the latter is ascribed to a combina-
tion of the use of a thicker absorber layer and the superior optoelectronic properties
of APCVD material demonstrated in previous sections such as microstructure and
photoresponse. For instance, typical photoconductivities (directly related to the
light absorption quality of the cells) of APCVD layers were shown to be of the
order of 5 x 107®Scm™!, compared to 4 x 1077 Scem™! for spun films. In addition,
spun films are known to suffer from micron-sized pinholes and more pronounced
thickness inhomogeneities which also help explain the low shunt resistance of the

cell with the spin coated absorber.

Considering the rudimentary nature of the deposition method, the passivation
of pristine crystalline silicon surfaces using intrinsic APCVD a-Si:H yielded satis-
factory results. An n-type c-Si wafer was coated on both sides with thin 10-20 nm
films and found to have effective minority charge carrier lifetimes and implied
open circuit voltages > 400 ps and > 660 mV, respectively. The highest value
for the effective surface recombination velocity was calculated to be 340 cms™.
Upon post-treatment via annealing at 220°C the sample remained stable, with

only minor deterioration of the passivation quality.
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Chapter 5

Summary and Outlook

Summary

A low-temperature and solution-processing sonochemical route for the synthesis of
polymeric and nanoparticulate hydrogenated silicon using cyclopentasilane and
trisilane as starting materials was demonstrated. The three basic ingredients
needed to carry out the synthesis are a liquid silane, an ultrasonic horn and an
inert atmosphere. The resulting solutions and suspensions were subsequently used

to produce high-quality thin films of both a-Si:H and silicon nanoparticles.

Cyclopentasilane, the smallest stable cyclic silane at stp, was shown to undergo
ring-opening polymerisation via sonication without the action of ultraviolet light
in the temperature range from 20-75°C. Moreover, the polymerisation process
and subsequent polymer growth were shown not to be pyrolytically activated due
to the actual “macroscopic” temperature of the solution during treatment. Instead,
these findings suggested that the mechanism responsible for the bond scission re-
actions must necessarily arise from the microscopic effects associated with acoustic
cavitation. These conclusions were drawn from several experimental observations,
among them comparisons of sonicated and pyrolysed solutions via size-exclusion
chromatography and optical transmission measurements. The utility of the ink was
demonstrated through the fabrication of a-Si:H thin films via spin coating. The
films exhibited comparable optoelectrical and microstructural properties to layers
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prepared from photolytically synthesised polydihydrosilane precursor inks found in
the literature. Fourier transform infrared spectra of the untreated a-Si:H layers re-
vealed a microvoid-rich morphology, which significantly improved after exposure to
H radicals. After hydrogen passivation, the infrared microstructure factor (R) was
calculated to be 72%, constituting the lowest value reported thus far for a-Si:H
films fabricated from a spin coated cyclopentasilane-derived ink. The dark and
photoconductivity were likewise improved to 1.1 x 107! and 2.4 x 1078 Scem™1,
respectively. This yielded a photoresponse of 2.2 x 10% for the best films after

hydrogen radical treatment.

The second silicon hydride investigated was trisilane, a linear, thermally stable,
and highly volatile molecule. Its behaviour under ultrasonic treatment yielded res-
ults that were in stark contrast to those found for low-volatility cyclopentasilane.
It was revealed that initially transparent solutions of trisilane turn different shades
of brown upon sonication and that this colouration was due to the production of
silicon nanoparticles. The synthesis of the particles was hypothesised to originate
at or in the vicinity of hot spots created during the collapse of acoustically gener-
ated microbubbles. It was also experimentally demonstrated that neither thermal
treatment nor photolytically generated reactive species can be used to replicate
the essentially immediate production of particles observed upon sonication. Fur-
thermore, the observation of discrete and compact particles was attributed to a
“fusion” effect during single cavitational collapse events rather than particles grow-
ing as a result of radicals undergoing subsequent nucleation reactions in the bulk
of the liquid.

Detailed analysis using electron energy loss, photoluminescence, x-ray photoelec-
tron, Fourier transform infrared, and Raman spectroscopy, as well as TEM, STEM,
and SEM studies was carried out. It was found that variation of the concentration
of trisilane in the solution or of the amplitude of the ultrasonic waves lead to the
fusion of unoxidised, hydrogenated, and amorphous particles of tuneable size in
the range 1.5-50 nm. The hydrogen content and surface hydride termination could
also be modified by annealing the particles at different temperatures. Using a tip
amplitude of 48 pm and a trisilane concentration of 47 wt% monodisperse particles
of 2.96 + 0.82nm in diameter were synthesised. In contrast, similar solutions

submitted to ultrasound generated using a higher tip amplitude of 192 um were
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shown to yield larger, more polydisperse particles in the range 10-50 nm. In addi-
tion, sustained ultrasonic irradiation under these conditions was demonstrated to
result in highly porous, nanoscopic high surface area sponge or coral-like silicon

nanoparticle agglomerates.

One of the properties of pristine trisilane that was remarked upon in the work
was its transparency to ultraviolet light. Using gas chromatography - mass spectro-
metry sonication of trisilane solutions was found to produce higher order branched
and linear silanes from tetrasilanes SijH;, through to octasilanes SigH,g, which were
otherwise not observed in solutions submitted to irradiation with 365 nm light for
the same amount of time. In a similar way, solutions submitted to thermal treat-
ment at the highest temperatures typically reached during sonication of ~ 65°C
did not undergo any colour changes , nor did they produce coatable inks. On the
other hand, trisilane solutions pre-treated with ultrasound were found to be signi-
ficantly more absorbing in the ultraviolet-to-visible range. After filtering, solutions
submitted to a combined sonophotolytic treatment were shown to take on a clear
lemon-yellow colour that was associated with a silicon sub-hydride polymer of the
form -(SiH,),- with 1 < x < 2. Nuclear magnetic resonance spectroscopy en-
abled a branched molecular structure to be established with an average ratio of
SiHj;, SiH,, and SiH silicon hydride groups of ca. 4:4:1. Since the filtering did
not remove particles smaller that ca. 100 nm, inks prepared in this sonophotolytic
manner were shown to constitute silicon hydride polymer - silicon nanoparticle

composite mixtures.

The ink was subsequently used to deposit thin films of a-Si:H via spin coating
and atmospheric pressure chemical vapour deposition (APCVD) using an inver-
ted petri dish. Dark and photoconductivity of spun films after hydrogen rad-

ical treatment were 4.8 x 10~ and 2.8 x 1077 Scm™?

, respectively. The calcu-
lated photoresponse of 5.7 x 10® exceeded that of the best films prepared from
the cyclopentasilane-derived ink. After hydrogen radical treatment a value for R
of 54 % was attained, which is comparable to state-of-the-art films prepared from
neopentasilane by Bronger et al. [14]. This indicated that good polymer cross-
linking and reduced microvoid formation during pyrolytic conversion on the hot

plate were achieved. The dark and photoconductivity of APCVD films reached
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after hydrogen radical treatment were 2.9 x 107 and 8.2 x 107%S/cm, respect-
ively. The resulting photoresponse of 2.8 x 10° and R of 30-45 % indicated mater-
ial with optoelectronic properties approaching those of solar-grade a-Si:H prepared

via plasma enhanced chemical vapour deposition.

The high quality of this material enabled its implementation as the intrinsic
absorber layer in n-i-p type thin-film solar cells and as passivation layer for clean
¢-Si wafer surfaces. The best cell exhibited a photovoltaic efficiency of 3.4 % over
an area of 25 mm?, while the best passivation layers yielded an effective lifetime of

412ps and a surface recombination velocity of 34 cms™!.

Outlook

With the foundations now laid, the effects of other variables on the synthesis such
as process temperature, tip amplitude and precursor concentration can now be
studied more systematically. The sonication in this work was carried out using
26 kHz ultrasound, however, there is nothing impeding the use of ultrasonic horns
vibrating at different frequencies. An investigation of the effects of alternative
silanes and solvents, and their influence on the various synthesis products would
certainly merit consideration. Throughout the work, relatively small volumes of
~ 1.5mL were used, however, the method is easily up-scalable to larger volumes

using probes with larger tip area or multiple ultrasonic horns.

Compared to existing silicon nanoparticle synthesis methods, the method de-
veloped herein offers convenient simplifications such as vacuum-free processing
and the requirement of only two substances, a liquid silane and a solvent (grant-
ing the availability of sufficient material, the sonication of undiluted silanes is
also possible). While nanoparticles could be prepared with surprisingly narrow
monodispersity, no special care was taken to attain this. Should the need arise,
more involved sampling, filtering or centrifugation methods could be applied to
improve the size distribution of the collected particles. Several issues concerning
the silicon nanoparticles have thus far eluded clarification. For example: what

role do the particles play in the enhancement of the photoreactivity of sonicated
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solutions upon subsequent exposure to ultraviolet light? What are the conditions
during particle “fusion”” And, how does one explain the presence of bonded hydro-
gen? In any case, the solution-processing nature of the synthesis may find use in
biomedical applications such as nanoparticle-based drug delivery systems, where
the direct embedment of the active substances during synthesis might be possible.
Furthermore, the hydrogen termination and hydrogenated nature of the particles
offer the easy option of subsequent surface functionalisation. The highly porous,
sponge or coral-like silicon nanoparticle agglomerates are interesting in their own
right and may find application in devices and processes requiring non-crystalline,
nanoscopic high specific surface area architectures. One such example for their
implementation would be as the basis of new anode materials in lithium-ion bat-

teries.

As a proof-of-concept, a p-doped formulation of a trisilane-derived ink was suc-
cessfully synthesised using decaborane. However, no variation of the preparation
conditions were undertaken. Future work could focus on optimising this ink and
developing n-type formulations using, e.g. white phosphorous. Doped inks would
be of great value since they could be used, for instance, to print localised dot or
stripe electrodes in back-contacted c-Si heterojunction solar cells. As reported by
Masuda and co-workers [132, 161], another interesting extension to the work would
be the fabrication of silicon carbide copolymer inks by carrying out the sonication
in a partially reactive solvent such as cyclohexene, instead of inert cyclooctane.
These considerations apply equally well to the preparation of p and n-doped silicon

nanoparticles or silicon carbide composite particles.

The good performance of the optoelectronic applications considered in this work
are encouraging, but there is still potential for improvement. For the best n-i-p
cell, although only the absorber layer was solution-processed, the photovoltaic
efficiency is on par with state-of-the-art devices made from liquid precursors |14,
65, 66]. On the other hand, the quality of the surface passivation using ultra-thin
APCVD films actually exceeds that of similar solution-processed samples found in
the literature [20]. The high quality of APCVD a-Si:H material makes an obvious
case for its application in other devices such as thin-film transistors and HIT solar

cells.
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One of the virtues of solution-processing techniques is their associated circum-
vention of the use of expensive high-vacuum systems or energy intensive fabrication
methods. Admittedly, however, a Ny-filled glove box does not constitute truly low-
cost equipment. The rather large volume of the glove box could, in principle, be
replaced by more affordable glass or plastic constructions based on Schlenk line
technology or hermetic reaction vessels where the ultrasonic waves are transmitted

from the outside into the interior through the casing.

The main factor driving up the cost of commercially available high-purity liquid
silanes is chemical purity, which is a strict requirement for most applications in
the semiconductor or photovoltaic industry. Another factor is the molecular or
structural purity of the silane which, in the case of trisilane for instance, entails
filtering out higher order silanes such as tetrasilane and pentasilane from the final
product. While an exact analysis of the polymeric content of the trisilane-derived
ink developed in this work is still lacking, it was nevertheless shown to consist of
a mixture of higher order silanes, silicon sub-hydrides and silicon nanoparticles.
This result raises questions as to the necessity of having to use solutions of pure
monomer as opposed to a blend of silanes, since that is precisely what is produced
during the preparation of the ink. The use of crude silane mixtures (analogous
to crude oil) in the fabrication of printable inks could significantly reduce the
costs of the raw silicon hydride precursor, since no fractionation or isolation of
individual silanes would be required. This is particularly interesting with regard
to the synthesis of silicon nanoparticles since, as was demonstrated with trisilane,
with the correct choice of solvent the silanes could be deliberately allowed to
diffuse into the microbubbles and “fused” into compact particles upon cavitational

collapse, irrespective of their chain length.

In conclusion, the findings and methods presented in this work have the poten-
tial to boost the prospects for affordable silicon inks and make the synthesis of
silicon nanoparticles more accessible to scientists working in ordinary chemistry
labs around the world. Moreover, I trust that the use of ultrasound and liquid
silicon hydrides will serve to stimulate exciting new developments in silicon sono-
chemistry and materials engineering for, among others things, energy generation

and storage applications.
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