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ABSTRACT

Si- films were deposited from liquid precursors, especially cyclopentasilane using a high pressure
spray deposition system based on an electronically controlled piezo-injector in a inert gas
atmosphere. This equipment might be applicable to other liquid precursors and targeted thin Si-
films of importance. The thermal properties and reactivity with oxygen of pure liquid
cyclopentasilane and its solutions in toluene are investigated by temperature dependent FTIR-
Spectroscopy and Differential Scanning Calorimetry. The homogenous films of silicon in um range
thickness are deposited from pure liquid cyclopentasilane and its solutions in toluene on rigid
carbon glass plates and on flexible carbon glass fiber substrates using a high pressure spray
deposition system. The morphological and structural properties of the silicon films were
investigated. These results and the chemical analysis of the films show that the annealed films are
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homogenous, adhesive and consist of pure polycrystalline silicon. The silicon films deposited from
liquid cyclopentasilane in toluene solutions show cracks, whereas silicon films deposited from pure
cyclopentasilane are cracks free over at least 400 cm? and might enable to develop large area solar

cells.

Keywords: Cyclopentasilane decomposition; silicon films; high pressure spray; solar cells.

1. INTRODUCTION

Silicon semiconductor films are widely used in
microelectronics, displays and photovoltaics. The
films are deposited in various phases such as
epitaxial, amorphous, nanocrystalline and
polycrystalline depending on the required
application using Chemical Vapour Deposition
(CVD) and Physical Vapor deposition (PVD)
techniques [1]. To form a p-n junction, the films
are subsequently n- or p- doped using gases
such as phosphine and borine etc. In general,
CVD [1,2] and Plasma Enhanced Chemical
Vapour Deposition (PECVD) techniques [1,3,4]
are used to deposit polycrystalline and
amorphous silicon films, respectively. High
quality films of silicon and of other materials can
also be deposited using ion beam deposition
technique [1,4-8]. The grain size of the silicon
films from nanocrystalline to polycrystalline is
modified by annealing in vacuum or inert gas
atmospheres or by surface annealing using
lasers. The CVD technology has many
drawbacks [1]. The source material is in gaseous
state such as monosilane, which is highly
toxic and reactive. Furthermore during the
film formation, the gas phase reaction, diffusion
and surface reactions are involved. The
substrate is held at temperatures varying
between 500 and 1200°C. Although in PECVD
technique, the substrate temperature is lower
(between 200 and 500°C) contamination of the
film by particles in the processing environment
limits the deposition rate in CVD technique.
Expensive and large equipment such as high
frequency generators and vacuum equipment are
required. It is also difficult to deposit a film of
uniform film thickness on a substrate of uneven
surface [1].

The production costs are high due to expensive
equipment and low film deposition rate. To
reduce the cost of production of microelectronic
components, displays and particularly solar cells,
alternative efficient and low cost techniques for
the deposition of silicon films are of utmost
importance. The use of liquid silicon precursors
would enable a continuous deposition of large
surface area silicon films with high deposition

rate on rigid as well as on flexible substrates.
Various film deposition techniques may be used
such as simple liquid spraying, spin coating or
printing. The lower silicon hydrides such as
monosilane SiH, under normal temperature and
pressure (NTP) are gases, whereas higher
silanes such as cyclopentasilane (CsH;o) and
cyclohexasilane (CgHio) are liquids under NTP.
The research on liquid silanes goes back to as
early as 1973 and the synthesis of liquid
cyclopentasilane (CPS, CgsH;o) [9,10] and
cyclohexasilane (CgHi2) [11] were described. A
simplified way for synthesis of CPS was
developed, recently [12]. CPS is liquid at NTP,
has density of 0.973 g/cm®, melting point of -
16.8°C and boiling point of 173.3°C. This
compound has a ring form structure, which is
assumed to dissociate upon exposure to ultra
violet radiation and heating above 500°C leading
to the formation of polycrystalline silicon, details
of decomposition, however, were not yet
published. The research group of Shimoda
[13-19] reported various methods to deposit Si
flm on substrates like UV  assisted
decomposition processing solutions and CPS
diluted in Toluene, printing to form solar cells or
Si thin film transistor etc. Further deposition
method use lasers [20,21]. The solution
processed silicon thin-film transistors (TFTs)
using a CPS based liquid precursor (10 percent
CPS dissolved in toluene). Using this precursor,
they deposited polycrystalline silicon (poly-Si)
films by spin-coating and ink-jet printing, and
fabricated the TFTs with electron and hole
mobilities of 108 cm?V's" and 6.5cm?V’'s”
respectively. These mobilities are much larger
than those achieved in solution-processed
organic TFTs, and even exceed those of a-Si
TFTs (< 1cm?V's™). Ishihara et al. [20] reported
the electron and hole mobilities of 391 and 111
cm® Vs in a single grain Si-TFT prepared by
laser crystallization of a Silicon film obtained by
spin coating of CPS solution. Therefore the
deposition of Silicon films from liquid precursors
offers a big potential for low cost deposition of
semiconductor quality silicon films on rigid and
flexible substrates for the microelectronics,
displays and particularly microcrystalline film
solar cell applications.



The techniques which so far have been used for
the film deposition from the liquid precursors are
solution processing, spin coating, laser induced
coating and ink-jet printing [13-23]. For example
spin coated films have considerable defects, it is
difficult to deposit films of thickness more than
100 nm, although thicker films may be deposited
by multiple coating. But thicker films are
inhomogeneous, possess stress and show
cracks after transformation to polycrystalline
phase. In standard wafer based crystalline silicon
photovoltaic technology, the films have thickness
in micrometer range to achieve a conversion
efficiency of 15 to 20 percent.

This paper reports in detail the deposition of Si-
films by a high pressure spray system designed
and built at IVT- Esslingen, Germany. This
system enables to deposit high quality e.g.
homogenous, stress and defect free silicon films
in um range with high deposition rate from the
liquid precursors such as pure cyclopentasilane
and its solutions in toluene. The films cover on
rigid and flexible substrates e.g. rigid carbon
glass plates and flexible carbon glass fabrics,
respectively. The thermal properties of CPS and
it’s reaction with various oxygen concentrations
in inert gases like nitrogen or argon are not
known in detail and are studied safe CPS.

2. EXPERIMENTAL DETAILS

2.1 High Pressure Spray Film Deposition
System

Fig. 1a shows the working principle of the film
deposition system by high pressure spraying with
all the components. The system consists of a
recipient 1 connected to a vacuum pumping
system 2. The recipient can be evacuated to a
pressure of 10-6 mbar and filled with inert gases
such as Ar to desired pressures. On the top of
the recipient is a high pressure piezo-injector 3
fitted to spray the liquid precursors. This piezo-
injector is connected to the electronic control
system 4, water cooled liquid (CPS or it's
solutions in toluene) holder 5 and high pressure
argon gas bottle 6. The substrates 7 for the film
deposition are placed on a temperature
controlled substrate holder 8. The substrate
holder is capable of heating up to 1200°C and is
connected to a temperature controller 9. A H.F.
ion beam source 10 with Ar gas bottle 11 is also
attached to the recipient. The ion beams of inert
gases such as Ar as well as electron beams can
be generated up to energies of 6 keV by ion
beam source. This ion beam source is used to
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ion etch the substrate surfaces and also to affect
the dissociation of CPS and it’s solutions during
spraying on the substrates. There is an ultraviolet
lamp 12 to dissociate the CPS molecules in the
sprayed aerosol.

A gas purifier is also connected to the recipient.
This gas purifier supplied from Pure Guard, by
Johnson Mathey works at 470°C. This purifier
removes the gases like oxygen, nitrogen,
hydrogen and also water from the circulating
gases. During the spraying and dissociation of
CPS and it’s solutions in toluene, the atoms of
silicon, hydrogen, and carbon are produced
and the argon gas in the recipient is
contaminated. Therefore, the gas from the
recipient is circulated through this purifier to
remove the carbon and hydrogen and to keep
the argon gas atmosphere in the recipient clean.
To be safe, the content of the recipient gas
atmosphere is analyzed using a quadrupole
mass spectrometer.

Fig. 1b shows a high pressure piezo-injector
fitted on top inside the recipient to spray the CPS
solutions on the substrates placed on a X/Y
moveable and temperature controlled substrate
holder. The substrates can be heated up to
1200°C. The UV lamp of 500 W and emitting
wavelengths between 300 and 500 nm in the
recipient dissociates the CPS during spraying.
The high piezo-injector is a Bosch HDEV4 and is
enclosed in a water cooled steel cylinder. The
cooling is necessary to avoid the dissociation of
CPS in the injector. The inlet of the injector is
connected to an Ar gas bottle (gas pressure 200
bar), CPS holder and the piezo-injector is
connected to an electronic controller supplied by
Genotech. The electronic controller regulates the
spraying conditions such as piezo trigger voltage,
injecting pressure and opening time of the
injector. In this way, the pressure of the liquid in
the injector, spraying time, number of pulses,
pulse duration and pulse interval are precisely
regulated. The homogeneity of the deposited
silicon film also depends on the distance
between the spraying nozzle and the substrate.
The angle of the aerosole cone ejecting from the
nozzle depends on the Ar gas pressure, opening
and closing of the injector (no. of pulses), the
pulse duration and the pulse interval and the type
of nozzle. The typical parameters used for the
deposition of Si films from CPS and solutions are
the following:

Argon gas pressure in the recipient: 10°-
to10™ mbar



Argon gas pressure on the CPS holder: 10 to
30 bar

Number of voltage pulses on injector: 5to 10
Pulse duration: 260 us

Pulse interval: 8500 to 9000 us
Piezo-injector Voltage: 85 to 90 Volt

The aerosol ejected from the nozzle was
recorded by a high speed video camera by
varying injector parameters and changing the
distance between the spraying nozzle to obtain a
homogenous silicon film. The optimum distance
between the nozzle and substrate was found to
be 30 mm. Homogenous silicon films of
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thicknesses from nm to pum range may be
achieved by adjusting above mentioned
parameters. The aerosol cones ejected from two
different nozzles (left-narrow cone nozzle, right-
wide cone nozzle) are shown in Fig. 2.

The silicon films were deposited on rigid
and flexible substrates from CPS solutions in
toluene and pure CPS using high pressure spray
system. The morphology, thickness and lattice
structures of the films were investigated using
techniques such as scanning electron
microscopy (SEM), Energy dispersive X-ray
analysis (EDXA), optical microscopy and
glanzing incident X-ray diffraction using Cu Ka
radiation.

Water cooled
Piezo-njector

Ultraviolet
lamp

Temperature
controlled substrate
halder

Fig. 1. (a) Schematic diagram of the high pressure spray film deposition system; 1. Recipient,
2. Pumping system, 3. Piezo-injector,4. Electronic control system, 5. Water cooled CPS
container, 6. Argon gas bottle, 7. substrate, 8. X/Y table, 9. Substrate holder, 10. H.F. lon beam
source, 11. Ar-gas bottle,12. Ultraviolet lamp, (b) Realized equipment

Fig. 2. Photographs of the ejecting aerosoles from the nozzle of high pressure injector under
two different conditions



2.2 Thermal Properties of
Cyclopentasilane

The molecular structure of consists of a ring
structure. Cyclopentasilane (CPS)  was
synthesized for the first time in 1973 by Hengge
and Bauer [9,10]. A simplified way for synthesis
of CPS has been developed, recently by Lee et
al. [12]. Liquid polysilanes are more stable
compared to SiH, gas but CPS is still pyrophoric.
The pyrophoric nature is only weakly attenuated
by diluting it in organic liquids such as toluene.
Therefore, the substance has to be handled
under inert gas atmosphere, because the limits
of oxygen traces causing the explosive reaction
are not known in detail, but are investigated here.
The UV irradiation of CPS causes the
photopolymerization to polysilanes and Si atoms
and the formation of Si film takes place [13]. The
liquid CPS is commercially now available but not
at the time of the research at high quality. To
conduct the present research work, the pure and
diluted CPS solutions were obtained from
research institutions. One source was ETH-
Zirich, Switzerland. The thermal behavior and
reaction with oxygen of pure CPS and it's
solutions in toluene were investigated by using
techniques such as Differential Scanning
Calorimetry (DSC) and Fourier Transform
Infrared Spectroscopy (FTIR). The CPS or its
solution was introduced in a closed gold plated
DSC-pan in an inert Ar gas atmosphere using a
glove box, It was then heated to 500°C, similar
like the method to study metal organics [24].
Additional experiments were performed with
DSC-pan cover pierced to enable the access of
air into it during heating to analyze the reaction
kinetics with air depending on. The results were
used to estimate the Ilimit of oxygen
concentration not leading to explosion, or the
time to explosion. The analysis of the evolved
gas on heating occurred in a heatable cell in an
Ar atmosphere by FTIR [25]. Heating the cell
from 30 to 270°C in steps of 5°C, IR-spectra
were recorded at each step.

3. RESULTS AND DISCUSSION

3.1 Decomposition of Pure CPS and 20
Percent CPS Solution in Toluene

An IR-spectrum of CPS at 30°C is shown in
Fig. 3, as derived after the subtraction of the
toluene IR-spectrum from the spectrum of the
CPS solution. The bands at wave numbers of
2150, 902 und 716 cm™' correspond to pure CPS,
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and agree roughly with the literature values
[9,10,12]. The IR-spectra of the CPS solution
recorded in steps of 5°C during heating from
30°C to 270°C are shown in Fig. 4. The main
effects observed are the increase of the
absorbance of both the evaporation of toluene
and CPS, a strong rise of the background,
especially the growth of new bands in the
medium and low wavenumber ranges. The rise
of background occurs below 100°C slowly and
continues strongly above 150-160°C. The new
bands are narrow ones especially that at 2188
cm” close to the 2150 cm™ CPS band. Other
bands arise between 1050 - 1150 cm™ and 725 —
975 cm’'. Traces of water are also present,
indicated by the noise-like bands between 4000
and 3500 cm™.

The IR-spectrum of CPS solution after
subtracting the toluene IR-spectrum at the end of
heating (270°C) is plotted in Fig 3 and the
detailed evolution of the bands in Fig. 4. These
figures show the bands corresponding to CPS as
well as some new bands. The bands between
2000 and 2300 cm” can be assigned to Si-H
bonds, those at 1050 - 1150 cm™ mainly to Si-O
bonds and those between 725 and 975 cm™ also
to Si-H, but including some Si-O bands [26-34].
They are similar to those observed for
polysilanes and for thins films of -Si:H, Si/SiO,
and SiO,. The spectra of pure CPS are quite
similar to those of Fig. 3, however without the
residues of toluene spectra subtraction.

CPS evaporates below 100°C which is indicated
by the increase of intensity of the CPS bands.
The increase of the base lines with increasing
temperature of the FTIR-spectra shown in Fig. 3
and 4 is interpreted as formation of particle of Si
or Si-H from CPS in the gas phase of the cell.
The rise of the IR spectra between 30 and 130°C
was extracted from the spectra of Fig. 4 (omitting
the bands). Applying Mie-Theory the particle size
distribution can be estimated by a least squares
fit procedure [35]. Details of the particle size

evaluation which resulted in  sub-micron
diameters are given in earlier publications
[36,37].

Fig. 5 shows the DSC curve with closed gold
(should avoid reactions but could obviously not)
pan from room temperature to 500°C. The broad
endothermic peak below 250°C. corresponds to
the evaporation of CPS and toluene. The
endothermic peak at 368°C on 2" heating and
333°C ob cooling is related to the melting point of
Aug,Sig [38,39]. This alloy was obviously formed



by the reaction of CPS on deposition onto the
DSC pan with its Au layer on heating. The
evidence of scattering by particles in the IR-
spectra in the heatable cell (rise of the
background on temperture increase) and the
increase of the sharp endothermic DSC peak on
temperature cycling may indicate the formation of
Si particles or Si-H-clusters in the gas phase and
the sub-sequent formation of the alloy on
precipitation on the gold cladding of the DSC
pan. Thermal decomposition is similar to that of
polysilanes and CPS from solid state [38,39].

3.2 Safety Analysis of CPS Handling

The reaction of CPS which is hazardous [40,41]
with air was investigated by DSC technique by
heating it in a pierced pan at a heating rate of
5°C /min. The DSC curves were evaluated by the
kinetic model of two competitive reactions an
endothermic  (evaporation) and exothermic
(reaction with oxygen) one. The derived
kinetic parameters were introduced into an
adiabatic  self-heating model. It was
estimated that pure CPS would explode in air in
0.7 s and 20% solution in toluene within 5 s both
at room temperature. These data enable the
estimation that safe handling of pure CPS is only
possible at lower oxygen concentrations than of
the order of magnitude of 0.00001 and that of
diluted CPS (in toluene) at 0.00002-0.00003.
Details of the evaluation are published elsewhere
[36,37].

3.3 Silicon Film Deposition from 20% CPS
Solution in Toluene

A high pressure CPS holder was filled with 20%
CPS solution in toluene in a glove box under Ar
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gas atmosphere and connected to the high
pressure injector and Ar gas bottle as described
in section 2. A carbon glass plate of 20x10x3
mm3 was placed on the temperature controlled
substrate holder. The recipient was evacuated to
a pressure of the order of 10° mbar and filled
with argon gas to a pressure of 10 mbar. The
gas purifier was activated and the UV lamp was
turned on. The electronic controller of the high
pressure injector was turned on and adjusted to
the following parameters for spraying the CPS
solution:

e Argon gas Pressure in the recipient: 2. 10°
mbar

e Argon gas pressure in CPS holder: 10 bar

e Number of pulses: 510 10

e Pulse duration: 260 ps

e Pulse interval: 8500 pus

e Piezo-injector Voltage: 90 V

After spraying, substrate was heated to a
temperature of 700°C for a period of 20 minutes
in the recipient. Fig. 6 shows the SEM image of
the silicon film. The substrate was completely
covered by a smooth, homogenous and adhesive
Si film. Some spherical shaped bubbles are on
the surface. They might have occurred due to the
evaporation of gas dissolved in the film on
annealing. The thickness was measured from the
cross section of Si film/substrate by SEM and
has a value of 2 um. 2 um thickness is a value
already challenging to be deposited without
faults. An EDXA-spectrum of the Silicon film was
recorded and is shown in Fig. 7. This spectrum
confirms that film consists of pure Si without any
impurities.
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Fig. 3. Infrared spectrum of the 20% CPS solution in toluene after subtraction of the infrared
spectrum of toluene (left 30°C, right — heated to 270°C)
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Fig. 4. The infrared spectra of CPS pure (right) and 20% CPS solution in toluene (left) recorded
during heating the solution in steps of 5°C up to 270°C. Peaks between 2050 and 2250 cm’™
(bottom) which increases strongly for both types of CPS samples
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Fig. 5. The differential thermal analysis (DSC) curves from room temperature to 500 °C of a 20%
CPS solution in toluene and pure CPS. The Si reacts with the gold cladding of the when
deposited from the gas phase

Fig. 7 shows the glanzing incident X-ray
diffraction pattern of the silicon film on the carbon
glass substrate at a x-ray incident angle of 2°.
This method gives information on the crystallite
sizes and cell sizes and can confirm thickness.
Diffraction pattern shows the broad diffraction
lines corresponding to the carbon glass substrate
and narrow lines correspond to polycrystalline
silicon. The lattice parameter of the diamond
cubic lattice of silicon film was calculated from

the X-ray diffraction pattern and the value is
0.5407 nm. The cell volume is 1.58.10-22 cm®
and the density of silicon atoms is 5.06.1022
atoms/ cm® .The lattice parameter of pure silicon
is 0.5430 nm.

A silicon film was also deposited on flexible
carbon glass fiber substrate from 20% CPS
solution in toluene under similar deposition
conditions as for rigid carbon glass plate as



described above. The substrate was heated at
950°C for 10 minutes. Fig. 7 shows the optical
micrograph (a) and SEM images (b) of the silicon
films deposited on flexible carbon glass fiber
substrate. The substrate is completely covered
by an adhesive silicon film of 2 um thickness.
There are some cracks in the film. They might be
due to stress in the film. An EDXA-spectrum of
the Silicon film was taken as shown in Fig.6. This
spectrum confirms that film consists of pure
silicon without any impurities. The glanzing
incident X-ray diffraction patterns of the Si film on
the flexible carbon glass fiber at a X-ray incident
angle of 2° shows diamond cubic structure as
also observed in the case of rigid carbon glass
plate, too.
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3.4 Si Film Deposited from Pure CPS

The CPS solution holder was filled with pure
CPS under argon atmosphere in a glove box and
connected to the injector as described in the
case of 20% CPS solution, the film depositing
conditions were similar as well. Fig. 8 shows the
optical micrograph (a) and the SEM images (b)
with different magnifications taken from different
areas of the deposited silicon film on the flexible
carbon glass fiber substrate. The silicon film is
about 1 um thick and is adhesive to the
substrate, is homogenous, and it is without
cracks in contrast to the film deposited using
20% CPS solution in toluene.
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Fig. 6. (a) SEM image of a Si particles of deposited on a carbon glass plate from 20% CPS
solution and annealed at 700°C for 20 min, the particle size corresponds to the size obtained
by thermal decomposition, (b) The related EDXA curve
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Fig. 7. (a) The glanzing incident X-ray diffraction pattern of silicon film deposited from 20%
CPS in toluene solution and annealed at 700°C. (b) Micrograph and SEM images of the
samples
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Fig. 8. (a) Photograph (left) and SEM images (right) of a silicon film of 2 um thickness
deposited on a carbon glass fiber substrate and the fibers from pure CPS solution and
annealed at 950°C for 10 minutes. (b) The related EDXA curve
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Fig. 9. The glanzing incident x-ray diffraction patterns of silicon film deposited on carbon glass
fiber from pure CPS and annealed at 950°C for 10 minutes. Curve with indices - polycrystalline
diamond cubic structure Si

An EDXA-spectrum of the Silicon film was taken
as shown in Fig.8. This spectrum confirms that
the film consists of pure Si without any impurities.

A comparison of the SEM images (Figs. 7 and 8)
of Si films deposited from 5 percent CPS in
toluene, 20 percent CPS in toluene and pure
CPS on carbon glass fiber shows that Si films
deposited from pure CPS has no cracks. It may
be concluded from these results that the origin of
the cracks in Si films may be due to residual
toluene in the precipitating CPS which
evaporates when forming the Si-layer.

Fig. 9 shows the glanzing incident X-ray
diffraction pattern of the silicon film deposited
using pure CPS on the flexible carbon glass fiber
at x-ray incident angle of 2° The diffraction
patterns show the broad diffraction lines
corresponding to the carbon glass fiber and
narrow lines with indices correspond to
polycrystalline diamond cubic structure Si as also
observed in the case of rigid carbon glass plate.
The mobilities and and conducting properties are
typical to thin films of the same thickness and
purity. The X-ray diffraction pattern of the Carbon
glass substrate is also shown in the Fig. 9.



Comparing the morphological, compositional and
structural investigations of the Si films deposited
from pure and 20% CPS in toluene solution, it is
demonstrated that thick (um range) pure
polycrystalline crystalline, homogenous and
crack free films of Si can be deposited from
pure liquid CPS wusing our high pressure
spray deposition system. The spray technic of
CPS and the ion beam assisted degradation
opens applications at industrial scale of
manufacturing thin films of various sizes and
thicknesses.

4. CONCLUSIONS

A high pressure spray film deposition system, to
deposit films from liquid precursors is developed.
The thermal properties and reactivity with oxygen
of pure liquid CPS and it’s solutions in toluene
are investigated by temperature dependent
FTIR-Spectroscopy and Differential Scanning
Calorimetry (DSC). It was estimated that pure
CPS would explode in air latest in 0.7 s and 20%
solution in toluene within 5 s at room
temperature. It was estimated that safe handling
of pure CPS is only possible at lower oxygen
concentrations than of the order of magnitude
of 0.00001 and that of diluted CPS at 0.00002-
0.00003. Silicon films are deposited on rigid
and flexible (fabric) carbon glass fiber substrates
from pure CPS and CPS in toluene solutions
using this system. The investigations of the
morphological, compositional and structural
properties of the films shows that homogenous,
crack free and pm range thick Si films
can be deposited from pure CPS. The
thicknesses up to some micron and the size of
some cm® is of an advantage over small
electronics as in most publications. The
system can be scaled up to deposit large
surface area Si films continuously on flexible

substrates  using  several  piezo-injectors
analogue to the common rail technology
used in high pressure fuel injection well

introduced in automotive industries. Our common
rail high pressure spray deposition system would
enable large scale industrial Si deposition
plants. The continuous deposition of Si films from
liquid silanes as well as n- and p-doping and
synthesis of antireflection coatings are in
progress.
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