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Chapter 1

Introduction

At the time, the contribution of solar energy to the world’s energy consumption is
negligible. This is mainly a matter of cost effectiveness: the production of solar cells is
just too expensive. The commercially dominant type of solar cell is the mono-
crystalline or ¢-Si type cell. The production process is well known and the produced
cells are stable and have high-energy conversion efficiencies (typically 20%). A
disadvantage of this technology is that the production is so expensive that it cannot
compete as an energy source with conventional sources. A practical disadvantage
concerns the form factor: ¢-Si cells have a limited diameter, are flat and rigid. This puts
limits on the applicability: large surfaces are more elaborate to produce and integration
with flexible or curved surfaces is impossible.

Important alternatives to c-Si solar cells are based on thin silicon films. Thin
silicon films overcome the main drawbacks of ¢-Si: they can be prepared at lower cost,
they are in principle flexible, and their production process (plasma deposition) can be
scaled up much easier than the size of crystalline silicon wafers, even to sizes of about
1 m” or more. An aspect that is not important in existing applications, but can become
essential in the future is the freedom in form factor: thin layers can be deposited on
flexible and curved surfaces, allowing much more freedom in use. It is for these
perspectives that much effort is put in the research on thin film silicon layers.

The history of thin film silicon starts with the development of hydrogenated
amorphous silicon (a-Si:H) by Sterling and Swann [1] and by Chittick et al. [2]. They
were the first to deposit a-Si:H from a silane (SiH,) radio frequent glow discharge.
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With the discovery that a-Si:H can be doped and the further development of doped a-
Si:H films by Spear and LeComber [3] electronic devices prepared from thin silicon
films came within reach. Carlson and Wronski are the first to report a-Si:H solar cells
in 1976 [4]. The electronic properties of pure amorphous silicon (a-Si), however, are
inferior to those of mono-crystalline silicon. In contrast to ¢-Si, where the atoms are
ordered in a periodic lattice, in a-Si the atoms are more randomly ordered, with a
distribution of bonding angles and bonding lengths. Strained atomic bonds and
dangling electronic bonds act as traps for electrons and holes, affecting the electronic
properties negatively for device applications. These traps can be partly neutralised by
the addition of hydrogen in the material, making a-Si:H. Still the electronic properties
are inferior to those of c-Si. Furthermore, a-Si:H is subject to degradation under
illumination (Staebler-Wronski effect [5]). In solar-cell technology, this implicates a
strongly hindered transport of the charge carriers to the contacts of the solar cell and
the regular n-p diode-type solar cell architecture does not suffice any more. Therefore,
in thin film silicon solar cell technology a negatively doped (n) and a positively doped
(p) layer sandwich an intrinsic (i) layer in which most of the sunlight is absorbed. This
way an electrical field is created in the i-layer that enhances the transport of the charge
carriers.

A material that combines the good electronic properties of ¢-Si with the
advantage of low temperature thin-film processing would be very attractive. In 1968,
Vepiek and Marecek reported the preparation of another type of thin silicon film:
hydrogenated microcrystalline silicon (uc-Si:H) [6]. They used a hydrogen plasma
transport technique. In 1979, Usui and Kikuchi demonstrated that wuc-Si:H could also
be prepared using radio-frequent plasma enhanced chemical vapour deposition (RF
PECVD) [7], but it took until the early 90s for the first preparation of uc-Si:H solar
cells (e.g. [8], [9]). This material consists of a mixture of crystalline and amorphous
phase and grain boundaries between adjacent crystallites. It can be prepared by
applying relatively cheap, low temperature deposition technology, similar to a-Si:H. At
the same time, if the crystalline fraction is large enough, the electronic properties are
dominated by the crystalline phase in the material [10]. Therefore, charge carrier
transport properties are considerably better than those of a-Si:H. Furthermore, uc-Si:H
hardly suffers from light induced degradation. Due to the large amount of grain
boundaries, however, the electronic properties are still inferior to those of mono-
crystalline silicon. In solar cell technology, for example, this results in lower energy
conversion efficiencies.

The consequence of lower energy conversion efficiency is lower cost
effectiveness. There are two ways to overcome this drawback. The first one is to
increase the conversion efficiency of thin film solar cells. Several approaches are
explored: (i) improvement of the electronic quality of the films, (ii) implementing
light-trapping techniques by improvement of the back reflector or by applying
texturing of the transparent conducting window layer. These improvements allow
further reduction of the layer thickness and consequently lower electrical transport
losses. A promising concept to improve efficiency is the so-called micromorph tandem
cell [11], which consists of an a-Si:H top cell and a pc-Si:H bottom cell. The top cell
absorbs the blue part of the solar spectrum, whereas the bottom cell absorbs the red
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part of the spectrum. The combination of the two cells makes more efficient use of the
solar spectrum, thereby increasing the overall energy conversion efficiency.

The second approach to a better cost-effectiveness is to decrease the production
costs enough in order to obtain a technology that can commercially compete with
existing energy sources. In order to decrease production costs the growth rate of the
silicon films should be increased. Especially microcrystalline films should be prepared
at elevated growth rates, because these films should be 1-3 pm thick when applied in
solar cells. Conventional RF PECVD gives growth rates of about 0.2 nm/s, although
recently rates up to 2.5 nm/s have been obtained for high-pressure process conditions
[12] and solar cells with conversion efficiencies of about 8% and 6.6% have been
prepared at growth rates of 0.5 nm/s and 1 nm/s respectively [13]. Several other
techniques have been used to obtain high growth rates. Very High Frequency (VHF)
PECVD (reported solar cell efficiency of 7.8% at 0.74 nm/s [14]), Hot Wire (HW)
CVD (4.4% at 0.5 nm/s [15]), and Electron Cyclotron Resonance (ECR) CVD [16,17]
are some examples. Expanding thermal plasma enhanced chemical vapour deposition
(ETP CVD) has been used for the preparation of a-Si:H films in solar cells with a
deposition rates of 0.8 nm/s and 1.4 nm/s resulting in energy conversion efficiencies of
6.7% and 5.4%, respectively [18]. This technique has turned out to be suitable for the
fast deposition of a variety of other thin film materials, as well. Some examples are
diamond-like carbon (DLC) [19,20] for protective coatings, zinc oxide for transparent
conductive contacts, SiOxCyH, [21], and silicon nitride films as an anti-reflection and
passivating coating of (multi) crystalline silicon solar cells [22].

Aim and outline of the thesis

The aim of the research described in this thesis is to investigate the potential of ETP
CVD for the high-rate deposition of wuc-Si:H films for application in solar cells.
Therefore, first of all a laboratory set-up has been developed for the preparation of
solar cells using ETP CVD. This set-up is shortly described in chapter 2 as well as the
sample preparation and analysis techniques.

The atomic hydrogen density at the substrate surface is considered to be a crucial
factor in the deposition process of uc-Si:H films. ETP CVD allows a wide range of
operational parameter settings. In order to be able to explore this parameter space
efficiently, a diagnostic tool was developed to measure the atomic hydrogen density in
the plasma that expands towards the substrate. This tool, electron beam induced
fluorescence (EBIF) is introduced in chapter 3. It is shown that EBIF is a relatively
easy to apply experimental technique compared to other techniques for the detection of
atomic hydrogen.

To determine the influence of the process parameters on the film quality a
reliable set of film analysis techniques is necessary. Raman spectroscopy plays an
important role in this field. However, in microcrystalline materials, finite size effects
can influence the measured spectrum. Though this complicates the interpretation, it
also provides extra information. Chapter 4 describes a new approach to derive the
crystalline fraction and the average crystal size from a measured Raman spectrum of a
e-Si:H film.

For the preparation of fully uc-Si:H solar cells also doped zc-Si:H films are
necessary. These doped films, especially the p-type films, which are used as a window
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layer, should be very thin (typically 20 nm) to minimise light absorption since only
light absorption in the intrinsic film results in effective conversion from light to
electrical energy. The growth of uc-Si:H films starts with an amorphous incubation
layer. This complicates the preparation of the very thin, doped films that are required in
solar cells. This problem is addressed in chapter 5.

In chapter 6 the process parameters of ETP CVD are varied and the influence on
the material quality is investigated. For optimised conditions a more extended
characterisation of the deposited pc-Si:H films is carried out. Furthermore, in this
chapter the results of the first solar cells with ETP CVD are presented.

In chapter 7 we discuss some aspects of the plasma chemistry that is involved in
the deposition process of pc-Si:H. It is tried to relate the SiH, depletion, the sticking
probability of the film-forming radicals, and the film density.
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Chapter 2

Experimental set-up

1. The CASCADE deposition system

Figure 1. The CASCADE system.
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To employ expanding thermal plasma enhanced chemical vapour deposition (ETP
CVD) in the production of thin silicon films in solar cells a new deposition set-up has
been build: the CASCADE (Cascaded Arc Solar Cell Apparatus Delft Eindhoven). A
photograph of the set-up is shown in figure 1. The deposition system consists of a
central load lock, from which samples can be transported into two reaction chambers,
one for radio-frequent plasma enhanced chemical vapour deposition (RF PECVD) and
one for ETP CVD. In the RF PECVD chamber a RF power supply (13.56 MHz) is
connected to the lower, circular electrode, which is adjustable in height from the
outside. The grounded upper electrode is the substrate holder, and can carry substrates
up to 100 mm by 100 mm. The substrate is clamped onto a copper yoke, which can be
heated up to 400°C. Thermal contact between the yoke and the substrate is improved
by a helium flow of 50 sccm, which is switched off during deposition. The set
temperature is reached within 10°C in about 15 minutes. During deposition the gas
pressure is controlled by a butterfly valve, which in turn is controlled by a feed back
loop with the pressure sensor. This chamber is pumped down by a turbo molecular
pump backed by a mechanical fore line pump.

carrier gas
ﬁerz

e e cascaded arc
SiH, injection plasma source

—0 0

sample transfer chamber

shutter (alsoto rf PECVD chamber)
9 E=
—
roots/turbo
PUMP__. “substrate
holder

Figure 2. Schematic (left) and photograph (right) of
the ETP chamber of the CASCADE system.

The ETP CVD chamber is shown in figure 2. The cascaded arc plasma source
(figure 3) is placed on top. A separate gas inlet in the top flange of the reaction
chamber is connected to the injection ring inside. At the bottom of the reaction
chamber the substrate holder is mounted, which is a copy of the one in the RF PECVD
chamber. The helium flow is 100-200 sccm and is maintained during deposition.
Besides a turbo molecular pump (with a mechanical fore line pump) a roots blower
(backed by a mechanical fore line pump, later replaced with a dry pump) is connected
to pump the high process gas flows. A shutter shields the substrates from the expanding
plasma during the start-up procedure. An infrared laser and a detector are mounted to
enable interferometry during deposition in order to monitor the film thickness. At
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Stack of copper plates
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Cathode __ Earth potential
3 Cathodes used
for the power in-cc " Nozzle
into the plasma Plasma outlet
'l
P

Gas inlet Arc channel

Argon to start, ya

after that also H, / cascaded arc

Cathode housing P et ~ 0.2 mbar

*Plasma generation
*Typical pressure between 0.5 and 1.5 bar

Figure 3. A schematic representation (left) and a
photograph (right) of the cascaded arc plasma source
that is on top of the ETP chamber of the CASCADE
system.

=
— —

substrate level a separately pumped mass spectrometer is attached to monitor the
species present in the reaction chamber, especially silane (SiH4). A pinhole can
separate the reaction chamber from the mass spectrometer vacuum. This is necessary
because the mass spectrometer operates below 107 mbar.

The entire set-up is operated through a graphical user interface. A more elaborate
description of the CASCADE set-up can be found in reference [1]. All depositions
described in this thesis are carried out on the CASCADE set-up.

2. Plasma analysis

Two plasma diagnostics are used in this thesis. Mass spectrometry is used to monitor
the depletion of SiH, and electron beam induced fluorescence (EBIF) is used to
determine the atomic hydrogen density.

2.1. Mass spectrometry

Apart from residual gas analysis of the background vacuum and leak detection with
He, mass spectrometry is used to monitor the SiH, density in the plasma. Since the
mass of SiH4 (32 u) equals the mass of O, and oxygen is likely to be present in some
amounts in the background gas of the vacuum system, the signal at mass 32 u cannot
directly be used to monitor the silane density in the plasma. Instead, the silane density
is monitored indirectly. The electron gun in the mass spectrometer not only ionises the
SiH,, but also cracks the SiH4 into SiH, with x <4 and ionises these species. As a
consequence, the masses 28 u, 29 u, 30 u, and 31 u are suitable to use for residual gas
analysis. Mass 28 u is not used because at this mass also N, is measured. In this work
mass 31 u is used because it gives the highest signal-to-noise ratio. It is assumed that
the SiH, radicals with x <4 that are created in the deposition plasma will deposit on the
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walls of the narrow entrance from the reaction chamber to the mass spectrometer and
do not enter the mass spectrometer. The depletion of the SiH4 can be calculated by
measuring the mass spectrometer signal at mass 31 u with the plasma on and the
plasma off, while the same gas flows are running. The depletion is the difference
between the two signals relative to the signal with plasma off, and indicates the fraction
of the injected SiH, that is decomposed in the plasma. At deposition conditions for
microcrystalline silicon (uc-Si:H) it is essential that the background signal is subtracted
correctly, because low SiH, densities are used. The background signal should be
measured separately by turning off the SiHy flow for the plasma on and plasma off
conditions. The depletion D then can be expressed as

D= (1(3 l)ga.v+SiH4 - 1(3 l)gas )_ (1(3 1) plasma+SiH, ~— I(3 1) plaSma) (1)
1(3 l)gas+SiH4 - 1(3 l)gas

in which I(31) denotes the signal from the mass spectrometer at mass 31, the subscript
plasma denotes plasma with the Ar/H, mixture at which the deposition is carried out,
the subscript gas denotes gas without plasma ignited with the same gas mixture fed
into the plasma source, and the subscript SiH, denotes that SiH, is injected into the
reactor.

2.2. Electron beam induced fluorescence (EBIF)

For the measurement of the atomic hydrogen density a recently developed method has
been improved as an easy alternative to existing laser diagnostic techniques: electron
beam induced fluorescence (EBIF). This technique is described in detail in Chapter 3
or reference [2].

3. Thin film analysis techniques

For successful implementation in a solar cell the individual microcrystalline film
should fulfil some minimum requirements [3]: the light conductivity should be larger
than 1.5-10° S/cm, the dark conductivity should be smaller than 1.5-107 S/cm, the
refractive index should be as high as possible (about 3.5 or higher for the refractive
index at 2 eV), and the crystalline fraction should be above 30% [4]. However, these
properties do not guarantee good device properties; the only way to judge the material
quality is to apply them in a device. Below, the film analysis techniques and
procedures that are used in this thesis are treated.

3.1. The samples

For the investigation of the material properties, thin silicon films have been deposited
on Corning 1737 glass substrates of 30 mm by 100 mm and simultaneously on a piece
(20 mm by 40 mm) of (100) c-Si wafer. The c-Si substrates were used as delivered, and
the glass substrates first were cleaned in an ultrasonic acetone bath for at least 10
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minutes and subsequently in an isopropanol bath for at least 10 minutes. After
deposition the glass substrate is cut into four pieces of which, for film uniformity
reasons, mostly only the middle two are used for analysis. A couple of pairs of
coplanar aluminium contacts of about 300 nm thick are evaporated (electron-beam
evaporation) on one of the two pieces. The spacing between the contacts of each pair is
0.5 mm. For DBP measurements (see next section) 5-mm long contact are used, while
the conductivity is measured using 20-mm long contacts.

3.2. Reflection-transmission spectroscopy

For the measurement of the absorption spectrum a home-build reflection-transmission
spectrometer is used. For wavelength selection the light from a halogen lamp is
focussed onto a computer-controlled monochromator followed by a filter wheel (for
first and second order selection). In front of the sample a beam splitter is mounted. The
transmitted light (amplitude 7)) through the sample is detected by a silicon photo diode
and the reflected light (amplitude R) enters a second silicon photo diode after reflection
on the beam splitter. The absorption equals 1-R—T7. With this system an energy
range from 1.1 to 3 eV can be covered.

In order to measure the light absorption in the band gap (0.7-1.8 eV) the set-up
can be modified to allow dual-beam photoconductivity measurements (DBP). In that
case the light is redirected using a mirror, a lens, and an optical fibre into a spot with a
diameter of about 3 mm on the sample between the contacts. From the backside the
sample is illuminated with red light. The current is measured by applying a voltage of
100 V over two 5-mm long Al contacts having a spacing of 0.5 mm. In order to
increase the signal-to-noise ratio a lock in technique is applied using a chopper in front
of the halogen lamp and a lock in amplifier.

Typical absorption curves that have been obtained are shown in figure 4. From

— T T T T T T T T T T
10°F  Lc-Si crystalline fraction:
. 6%
10" E —-—41%
—~ Ce-T3% :
£ 10° increasing 3
=z crystallinity
il 2 4
= 10
G
2 a1
< 10 :
10°
10-1 . . . . . 1 . . . . 1 .
1.0 1.5 2.0

energy (eV)

Figure 4. Light absorption spectra of uc-Si:H films containing different crystalline
fractions. For comparison, spectra of a-Si:H and ¢-Si are included.
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these curves the Tauc optical band gap is calculated or, more appropriate for zc-Si:H,
the energy at an absorption of 10* cm™ is deduced, the so-called Eq, gap. From the
interference fringes the refractive index at 2 eV is deduced together with the film
thickness. The latter is used to calculate the growth rate. The refractive index is used as
an indicator for film density: the higher the refractive index, the higher the density.

3.3. Photoconductivity

The photoconductivity is a measure for the excess charge carrier density under
illumination. This density is dependent on the generation and recombination rate in the
material. In turn, the recombination rate is determined by the defect density in the
material. The interpretation of photoconductivity data measured using a co-planar
structure on uc-Si:H is difficult. Firstly, it should be realised that uc-Si:H is not
homogeneous and often grows in a column-like structure, parallel to the growth
direction. Therefore the conductivity parallel to the substrate might very well be
different from the conductivity perpendicular to the substrate [5]. In a solar cell the
latter is important, but the conductivity in this direction is difficult to measure on a
single film. On our samples with the co-planar electrode geometry the
photoconductivity parallel to the substrate is measured. Secondly, uc-Si:H tends to
contain pores. When the sample is exposed to air, the air will fill the pores and oxidise
the silicon, not only at the sample surface, but also internally. This effects the
conductivity, and, as a matter of fact, all electrical properties.

In order to measure the photoconductivity the sample is illuminated from the
glass side with AM1.5 light from an Oriel solar simulator. The current is measured
while varying the voltage on the 20-mm long contacts from 0 to 100 V in steps of
0.1 V (figure 5). The scan takes about 1 minute.
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Figure 5. I-V curve of a illuminated gc-Si:H film.

3.4. Activation energy and dark conductivity

The activation energy (E,.;) is retrieved from the slope of the Arrhenius plot of the dark
conductivity, oy, as shown in figure 6 In order to measure the temperature dependence
of the dark conductivity a temperature scan from 130°C to 60°C is applied to the
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Figure 6. Arrhenius plot of the dark conductivity of a zc-Si:H film.

sample. The temperature is changed in steps of 5°C and the total scan takes about 30
minutes. The scan starts with annealing the sample at 130°C for 30 minutes. A voltage
of 100V is applied on the 20-mm long contacts and the current is measured. The
measured curve is extrapolated to obtain the dark conductivity at 20°C. The
measurements are carried out under atmospheric conditions in air. For this
characterisation method the same remarks hold as for the photoconductivity
measurements. The activation energy characterises the temperature dependence of the
dark conductivity and thus, when assuming that the carrier mobility is temperature
independent, of the free charge carrier density. It is therefore a good measure for the
energy difference between the Fermi level and the conduction band for n-type material
or between the Fermi level and the valence band for p-type material. The relationship
between the dark conductivity and the activation energy is described by:
E

_Tact

o,(T)=0y-e *, @)

in which 7T is the temperature and & is Boltzmann’s constant. It is very important to
know the Fermi level position of the p-type and n-type doped layers used in thin-film
silicon solar cells, because these layers determine the internal electric field strength that
is responsible for the separation of the electron-hole pairs that are generated by the
absorption of light in the solar cell. For truly intrinsic material the Fermi level should
be positioned in the middle of the band gap, but due to the asymmetrical distribution of
gap states (defects in a-Si:H or at the grain boundaries between the crystallites) this is
not the case. For uc-Si:H the Fermi level sometimes is shifted towards the conduction
band due to oxygen impurities in the material that originate in small amounts from the
process gas and out gassing of the vacuum system.

3.5. Fourier-transform infrared absorption (FTIR)

Infrared absorption spectra are measured with a Bruker Vector 22 Fourier-transform
infrared absorption spectrometer (FTIR). An example of such a measurement is shown
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Figure 7. Typical FTIR measurement of a uc-Si:H film.

in figure 7. From the interference fringes the thickness and the refractive index for
infrared light is deduced. Furthermore, the presence of oxygen in the films can be
observed, the hydrogen content can be derived from the absorption at 640 cm’” by
calculating the integrated absorption, and the hydrogen bonding configuration can be
seen from the stretching modes around 2000 and 2100 cm™, although there is some
dispute about the interpretation of these latter absorption energies. Generally, the
absorption at 2000 cm’ is attributed to Si-H bonds in the bulk material and the
absorption at 2100 cm™ to Si-H, bonds in the bulk material and to Si-H bonds at (void)
surfaces.

3.6. Raman spectroscopy

With Raman spectroscopy the crystallinity of the films can be examined. The technique
relies on the excitation of phonons. Since phonon energies in crystalline silicon differ
from the phonon energies in amorphous silicon clear fingerprints of both materials
appear in the spectra. The Raman spectra are collected with a Renishaw Ramascope
system 2000 in backscattering geometry, which is used from the Department of
Chemical Technology, section R&CE, of the Delft University of Technology. The
excitation wavelength is 514.5 nm and the illumination is 2 mW in a spot of about 1-
pm diameter. The monochromator has a grating with 1800 lines per mm. The
measurement time is 5 minutes per film, unless stated otherwise (for example for the
thin microcrystalline p layers in Chapter 4). The interpretation of the spectra and the
extraction of the crystalline fractions are discussed in chapter 4 or reference [6].

3.7. X-ray analysis (XRD, SAXS)

Information on the crystalline fraction and the crystal orientation can be obtained with
XRD. Incoming x-rays are scattered on the lattice planes of crystalline material. A
typical XRD spectrum is shown in figure 8 for uc-Si:H as well as for a-Si:H. The
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Figure 8. XRD data of a uc-Si:H film and an ¢-Si:H film.

incident angle (and the detection angle) is varied and the scattering intensity peaks if
the incident angle and the lattice plane distance satisfy the diffraction conditions. Finite
size effects result in peak broadening and therefore from the peak width the crystallite
size can be determined. Even amorphous silicon shows a smooth profile because inter-
atomic distances deviate only slightly from the fixed crystalline values. Therefore it is
possible also to extract the amorphous and crystalline fractions from XRD profiles.

When the X-rays enter the substrate under a very small angle with the substrate
surface, then by looking at the scattered X-rays information on inhomogeneities like
voids in the material can be examined. This is used in Chapter 6. Special samples have
been prepared for this technique consisting of a Al foil of 10 micron thick as a
substrate with a 5 micron thick uc-Si:H film on top. Before analysis this sample is
folded five times, to increase the signal strength.

Except for the work carried out at the Colorado School of Mines, all XRD
analyses are carried out at the materials science department of the Delft University of
Technology on a Bruker-Nonius D5005 6/8 diffractometer with diffracted beam
graphite monochromator, using Cu-a radiation. Crystalline (100) silicon substrates are
used and the samples are tilted by 2° to prevent the diffracted beams from the substrate
to enter the detector.

3.8. Electron microscopy

To investigate the material structure also electron microscopy has been used on some
samples. Scanning electron microscopy (SEM: Philips XL30SFEG) has been carried
out on the cutting edge of cut samples. To avoid charging of the samples by the
electron beam samples on ¢-Si substrates were used. An example of these pictures is
shown in figure 9.

High-resolution transmission electron microscopy (HRTEM: Philips CM30) has
been carried out at the materials science department of the Delft University of
Technology. In the bright field images the voids are very well visible (figure 10). The
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high-resolution images reveal the individual atoms in the crystalline parts of the
material (see the cover of this book).

c-Si wafer

AccY  Spot Magn Det WD Exp 500 nm
500 kv 3.0 30000x TLD 50 1

Figure 9. Scanning electron
microscope picture of the cutting
edge of a pc-Si:H film.

Figure 10. Transmission electron
microscope bright field picture of
a uc-Si:H solar cell. The entire
picture is 1 um high.
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4. Solar cell layout and analysis

4.1. Preparation

The p-i-n deposited solar cells are deposited on Asahi U-type TCO covered glass
substrates. Some substrates are covered with ZnO:Al to prevent the SnO, from
reduction by the hydrogen in the plasma. For characterisation purposes an Al bus bar is
deposited on the side of the substrates in order to reduce the series resistance of the
TCO. Then a microcrystalline p-type layer is deposited following the recipe as
developed in Chapter 4. The substrate is moved to the ETP reaction chamber of the set-
up and the intrinsic layer is deposited. The substrate is moved back to the RF PECVD
chamber and the microcrystalline n type layer is deposited. To prevent air to enter the
porous material a 5 nm thin amorphous silicon n-type layer is deposited. The solar cell
is put in the load lock for 30 minutes to cool down. When the cell is taken out of the
load-lock an Al mask is attached and it is immediately put into the metal evaporation
machine. A silver back contact (100 nm) covered by Al (200 nm) finishes the solar
cell. The mask is designed to give solar cells of different sizes, of which there are four
with the size of 0.1 cm®.

4.2. Analysis

The conversion efficiency, the short-circuit current density, J, the open-circuit
voltage, V,., and the fill factor, FF, of the solar cells are calculated from J-V curves
measured during AMI1.5 illumination. Figure 11 shows an example of such a
measurement on a typical a-Si:H solar cell. Furthermore, the spectral response is
measured using bias voltages of —0.5, 0.0, 0.4, and 0.6 V (figure 12 shows an example
of such a measurement on an a-Si:H solar cell) with a home built set-up. It consists of a
halogen lamp followed by a filter wheel containing 35 band transmission filters
covering an energy range from 1.30 to 3.25 eV. A chopper allows the use of a lock in
technique to enhance the signal-to-noise ratio. The light is focussed on the solar cell.

200 T T T T 1.0— T T T T T
E 150 1 5% ]
=3 S
> .g 0.6} J
2 100 1 £
2 J_ =166 A/m?) c 04}
= VvV, =078V 2
o 50+ FF =0.70 1 S 0.2
§ Eff=9.1% 2 T il
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Figure 11. Typical J-V curve of an a-Si:H solar Figure 12. Typical spectral response
cell. Sample preparation by Ben Girwar. measurement using different bias voltages of an
a-Si:H solar cell.
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The contacts are connected to the power supply that generates the bias voltage and to
the lock in amplifier. A red bias illumination is applied to make sure the quantum
efficiency is measured under conditions close to operating conditions. This bias light
originates from a second halogen lamp with a red filter and is not chopped. The set-up
is calibrated with a calibrated photo diode.
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Abstract

The degree of dissociation of hydrogen in a hydrogen plasma has been measured using
electron beam induced fluorescence. A 20 kV, 1 mA electron beam excites both the
ground state H atom and H, molecule into atomic hydrogen in an excited state. From
the resulting fluorescence the degree of dissociation of hydrogen is determined. In
addition, the absolute atomic hydrogen density can be determined if the gas
temperature and pressure are known without any additional calibration. To check the
consistency of the method the fluorescence from the first four Balmer transitions is
measured. It is demonstrated that this technique can be applied in hydrogen and argon-
hydrogen plasmas with a pressure of up to 1 mbar and 0.2 mbar, respectively.
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1. Introduction

In many reactive plasmas used for plasma deposition or etching atomic radicals play an
important role. For example, silane-containing plasmas can be used for deposition of
amorphous silicon [1]. In many cases, to improve the quality of film deposition the
silane is diluted in hydrogen. In this case atomic hydrogen is believed to play an
important role in the decomposition of the precursor gas, as well as have beneficial
effects on the surface chemistry. Another example is diamond deposition in which case
atomic hydrogen is involved in the decomposition of the hydrocarbon gas in addition to
the preferential etching of graphitic sites at the film surface. Similarly, during the
deposition of microcrystalline silicon, atomic hydrogen is known to have a significant
influence on the crystallisation of the growing film [2]. Therefore to understand the
growth process it is of paramount importance to have a reliable measurement of the
atomic hydrogen density in the plasma. Yet other examples where atomic radicals play
arole are fluorine etching of crystalline silicon, nitridation of steel, and the stripping of
photo resist by oxygen plasma. In this paper we present a relatively easy to apply
technique, electron beam induced fluorescence (EBIF), for determining the density of
atomic hydrogen.

A plasma can be studied just by analysing the radiation that comes from the
decay of ionised and excited atoms and molecules that are naturally present. But if the
particles that need to be investigated are in the ground state, then an external source is
needed for the excitation. High excitation energies are required for overcoming the
energy difference between the ground state and the excited states (e.g. atomic
hydrogen: 10.2 eV or 121.6 nm). For this a deep UV lamp can be used and the light
absorption in the plasma can be measured, as shown by Takashima et al. [3]. The
difficulty is that, depending on the hydrogen density, the mean free path of the high-
energy photons is small (several mm in our case) because the plasma is optically thick
for these transitions. A laser could also be used as a light source. The aforementioned
drawbacks remain, but now the photon energy can be tuned to a resonant transition.
Only the particles under investigation are excited, and the excited state can also be
chosen. However, deep UV lasers are expensive, the optical path to the plasma has to
be evacuated and special optical elements are required [4].

To avoid these problems in measurement of the atomic hydrogen density in
plasmas several solutions have been proposed. Two-photon absorption laser induced
fluorescence (TALIF) is now most common [5, 6]. In this technique the photon energy
is half the transition energy, which relieves the demands on the optical system. Quite
some laser intensity or measurement time is needed because of the small cross-section
for the two-photon absorption process. Also a complicated calibration is necessary for
obtaining absolute values [5]. A second technique for detecting atomic hydrogen is
four wave mixing [7]. As in TALIF, a laser beam is used for the two-photon absorption
process, but now together with a laser that is slightly detuned from the Balmer o line at
656 nm. The signal wave frequency is close to the Lyman o transition. Since four-wave
mixing is a two-photon process the cross-section is small, as in the TALIF process.
However, the signal wave is emitted within a very small solid angle, which increases
the signal-to-noise ratio. Another technique was introduced by the De Graaf [8]. He
inserted an RF probe in the plasma to excite the ground state hydrogen atoms locally
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with a radio frequency electro-magnetic field. Although this method is relatively
simple, the probe itself of course will disturb the plasma to some extend.

Electron beam excitation spectroscopy has been used in the past for the
investigation of supersonic gas jet expansions [9]. Recently it has been used for the
measurement of the temperature in a low-temperature plasma. In this paper we wish to
use this technique as a plasma diagnostic tool. In this technique an electron beam is
used to excite ground state hydrogen atoms. The electron energy is in the
kiloelectronvolt range so it easily exceeds the excitation energy. The cross-sections for
electron-induced excitation are reasonable, and the experimental set-up is relatively
straightforward. The optical axis of the detection branch and the electron beam are
crossed, giving good spatial resolution. As we will show, the measured quantity is in
fact the degree of dissociation of hydrogen, i.e. the ratio of the atomic hydrogen to
molecular hydrogen. The absolute atomic hydrogen density can be determined if the
hydrogen molecule density is known, e.g. using the reactor pressure. No additional
calibration is needed, which is one of the most important advantages of the proposed
technique. In principle, the technique discussed is not limited to atomic hydrogen, but
can be applied to determine the density of other atomic species, such as atomic fluorine
and chlorine, using a similar approach.

The determination of the degree of dissociation of hydrogen from the measured
fluorescence is not straightforward even in a pure hydrogen plasma. The high-energy
electrons from the electron gun not only excite the hydrogen atoms, but also dissociate
the hydrogen molecules. This is a mechanism of production of excited hydrogen atoms
that must be corrected for. Furthermore all possible excited states will be populated,
which will contribute via several cascade decay processes to the population of the
lower excited state from which the fluorescence is detected. But in the case of
hydrogen, where most of the cross-sections and radiative decay constants are well
studied [10], these effects can all be included in the analysis and determination of the
final degree of dissociation. In the next section we will discuss the relevant theory,
which is needed to determine the degree of dissociation of hydrogen from electron
beam fluorescence measurements. The complications due to re-absorption processes
and the corrections necessary are discussed as well. In section 3 and 4 we will discuss
the application of the technique to a hydrogen and hydrogen containing expanding
thermal plasma (ETP) [11]. The accuracy, applicability, and sensitivity of the
technique are addressed. Section 5 contains our conclusions.

2. Theory

2.1. The principle of electron beam induced fluorescence

High-energy electrons (20 keV) from an electron gun excite the hydrogen atoms in a
hydrogen plasma (e + H — e + H' (excited state p > 2)). In a purely atomic hydrogen
plasma the fluorescence signal will be proportional to the atomic hydrogen density.
Excitations to all possible states will occur, so the fluorescence of several decay
transitions is available. In practice, only the Balmer series (decay to the p = 2 state:
H*(p > 3)—>H*(p =2) + hv) will be used, because the radiation from these transitions is
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easy to detect. To determine the atomic hydrogen density, the excitation cross-section
and the radiative decay rate must be known. The excited state from which the
fluorescence is measured will not only be populated by direct excitation, but also by
cascaded decay processes from higher excited states. This must also be taken into
account.

However, no pure atomic hydrogen plasmas exist. Therefore, a second important
process is that electrons from the gun dissociate hydrogen molecules into excited
hydrogen atoms (dissociative excitation). This is also an important source of
fluorescence from atomic hydrogen, but it is proportional to the H, density. To correct
for this, the fluorescence caused by the electron beam interacting with the H, gas must
be measured separately, with the plasma switched off. This signal from molecular
hydrogen can be used as a reference signal in the calculation of the degree of
dissociation from the measurements. This makes further calibration unnecessary, which
is a big advantage of the EBIF technique.

To derive a closed expression for the degree of dissociation in a hydrogen
plasma we have to make some additional assumptions. First of all we will assume that
the plasma is optically thin for all optical transitions. This means that no re-absorption
of generated fluorescence has to be considered. Since the fluorescence is induced by
fast electrons from the e-beam we will restrict ourselves to a description within the so-
called corona regime [12]. In this regime the population of excited states is dominated
by electron impact excitation of ground state atoms and the destruction processes of
excited states is by radiative decay. To determine the degree of dissociation three
fluorescence measurements need to be considered: 1) a measurement with plasma on
and electron beam on, 2) a measurement with only plasma on to measure the plasma
emission, and 3) a measurement with only the electron beam on. The measured

fluorescence signals are, respectively, 7™ g %”m” ,and S ' In table 1 the

pq,beam > pq.beam

measurements are related to expressions derived in Appendix C. As can be seen, the

signal S 5;a2’:;m , the number of photons that is detected per unit time from the transition

from state p to g and which is proportional to the density of the state p (given by n,), is
due to spontaneous emission (including cascade processes), the excitation from the
hydrogen ground state (density ;) by the electron beam, and the dissociative excitation

of H;, present in the plasma (density n ]’f]lzasm” ). On the other hand the signal S, ,,,, is

Table 1. Expressions that apply to the three different measurements to obtain the atomic hydrogen
density.

- -1 diss plasma exc plasma
Plasma on/e-beamon | n=*—A4 - (B + kTN, peum P H, MR k ) pq.beam
-1 las:
Plasma on/e-beam off | n~—-4 " - P Sp
- -1 diss gas gas
Plasma off/e-beamon | n = é k o poam™ H, N pq,beam

' These signals are not corrected for background signals. It is discussed later on that by using a
modulated e-beam only the AC component is considered.
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gas

proportional to the gas density, » H, > which is not necessarily equal to the H, density

under plasma conditions because the plasma could have a different gas temperature. In
table 1, Matrix 4 contains the radiative decay, k% and k% contain the excitation rates
for dissociative excitation of H, and excitation of ground state atomic hydrogen,
respectively, P contains all other plasma chemistry that is not related to the electron
beam, and 7,.peqn 18 the electron density in the electron beam. Using the expression
given in table 1 the following expression for n; can be derived:

_ _ plasma H, _
= nHz T plasma 1 a]’ : (1)
n H,
The quantity
lasma lasma
S7 -S?
,beam
r= rq Pq (2)
S gas
pq.,beam

only contains experimental values, and

a :(_

P (_ é—l ]_cexc,beam)

-1 ]_{ diss ,beam )

- €)

p

[N

contains only transition probabilities and excitation rates, which are defined in
Appendix A and of which the values are given in Appendix B. The excitation rates
depend on the electron energy in the electron beam (the suffix “beam” denotes
excitations by electrons from the electron gun). In fact, o, is equal to the ratio between
the density of excited atomic hydrogen that originates from excitation from the ground
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Figure 1. Relation between a,, and the quantum number p of the excited state when the
incident electron energy is 20 keV.
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state to the H density from dissociation of H,. As can be seen in figure 1, highly
excited states are predominantly produced from ground state atomic hydrogen. Because
it is the ground state atomic hydrogen that we are interested in and the fluorescence
coming from dissociative excitation is the unwanted side effect, detection of higher
Balmer lines like Balmer B, y, or even & seems favourable. On the other hand, the total
fluorescence signal from these lines is smaller. This is due to a lower production rate
for the higher states and because higher states have a higher probability of decaying
through other states which does not result in Balmer radiation.

Equation 1 relates the measurement of the ground state density, n,, to the relative
measurement, T, and the H, molecular density, both in the plasma-on situation as well
as in the plasma-off situation. If the degree of dissociation is small and the H, density
is not affected by the plasma, the degree of dissociation,

n

B=—, “4)
plasma
H, +m

can be determined directly, without any calibration if the detection optics are identical
during the three fluorescence measurements of table 1.

2.2. The optical thickness of the plasma: re-absorption correction

When the atomic hydrogen density is relatively high, re-absorption of emitted photons
within a certain detection volume can become important. This can affect the measured

quantities S7“™ and S

pq.beam This will be the case for higher pressures or higher

pq,beam *

degrees of dissociation. If we look, for example, at the decay of the p = 3 state of the
hydrogen atom, it can decay to p = 2 or to the ground state (p = 1). The photon from
the p = 3 to p = 2 transition (Balmer a line) is the photon that we want to detect, and
the mean free path will be long enough (since most atoms are in the ground state) to
escape the plasma. On the other hand, the photon from the p = 3 to p = 1 transition can
be re-absorbed, exciting a ground state atom to the p= 3 state. This state will again
have a probability of decaying to the p = 2 state or to the ground state. This results in
more Balmer o decay compared with the case without re-absorption. If the re-
absorption is 100%, then effectively the decay to the ground state does not exist, and
the corresponding radiative decay matrix element in matrix 4 should be corrected to
zero. In general, the radiative decay matrix can be corrected for re-absorption by means
of an escape factor [10]. This will influence the balance between radiation and the
occupation of all excited states in the entire plasma. In order to detect the extra Balmer
o radiation that is caused by re-absorption, the generation of the Lyman  photon as
well as the re-absorption event must take place within the volume that is imaged onto
the detector. Therefore only re-absorption in the detection volume is relevant in the
correction.

We can account for the re-absorption by correcting the radiative decay matrix, 4,
to Acor This changes the expression for o, to o, . We have to realize that the re-
absorption will not be significant in the case where the plasma is not on, because then
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the atomic hydrogen density is very low. This introduces an additional factor, I1,, in
the expression for 7, in equation 1. In Appendix D we have calculated the escape factor
and the corrected radiative decay matrix 4..,. We get

_ _plasma H, _
n = n]-[2 7’—I—[p nplasma 1 ap,corr s (5)
H,
where
A—l kdiss,beam
M,=————7% (6)

P A -1 k diss ,beam

corr —

P

and
A -1 k diss,beam

=corr — P 7
(04 = .
pcorr A -1 k exc,beam ( )

=corr —

Note that the value of o, .o is not very different from the value of a, because the
corrected decay matrix is in the numerator as well as in the denominator. So the
correction is mainly in the term II,. The structure of equations 5 to 7 is such that the
determination of the degree of dissociation is less straightforward and is done using a
numerical algorithm.

3. Experiment

3.1. The plasma

The plasma under investigation expands from a cascaded arc plasma source [13] at a
pressure of 0.2-1.0 bar into the reactor at a pressure of 0.2-1.0 mbar. This plasma
source can be operated in pure hydrogen as well as argon/hydrogen mixtures. The
plasma is created by a dc discharge (current 55 A) in a 4 mm wide channel between
three cathode tips and an anode plate. The ETP, a remote plasma, is described in detail
in reference 1. The reactor pressure can be varied by adjusting the gate valve between
the reactor and the pump. The measurements are performed at 500 mm from the
plasma source, on the axis of the reactor. To calculate the absolute density of atomic
hydrogen from the degree of dissociation, we must know the density of molecular
hydrogen under plasma conditions. The molecular hydrogen density under plasma off
conditions can be determined from the ideal gas law and the pressure.
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3.2. The EBIF set-up
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Figure 2. Experimental set-up.

The experimental EBIF set-up is shown in figure 2. The electron beam and the
detection branch cross with a 45° angle in a plane perpendicular to the plasma
expansion. The electron gun is a homemade triode gun from the charged particle optics
group of the Delft University of Technology. It is differentially pumped and a 2 mm
aperture in the anode separates the gun vacuum from the reactor. This results in a gun
pressure of about 10™* mbar at a reactor pressure of 1 mbar. It is operated at 20 kV and
1 mA. A magnetic lens is installed to focus the beam at the centre of the reactor. At the
focus the beam diameter is about 2 mm. A deflector set is mounted to align the beam
properly.

It is important to note that the numerator as well as the denominator of the
measured quantity T (equation 2) contains a subtraction of a measurement with the
electron beam on and with the electron beam off. This makes the experiment extremely
suitable for a lock-in technique with a chopped electron beam and phase-sensitive
detection. This will increase the accuracy of the measurement and will also minimise
the influence of stray light and other sources of noise like dark current. Therefore a
function generator is connected to the deflection coils to deflect the beam periodically
out of the detection volume to simulate chopping. It is set at a triangular-shaped output
voltage as function of time with a frequency of about 13 Hz. Since the beam will cross
the detection volume twice in one period of the function generator output, the lock-in
amplifier (EG&G 7260) is set to lock at twice the modulation frequency, i.e. at 26 Hz.
The integration time of the lock-in amplifier is varied between 5 and 20 seconds,
depending on the signal strength.

The detection branch consists of a set of two plano-convex lenses, each with a
focal length of 40 cm, imaging the centre of the reactor one-to-one on the 3 mm
diameter entrance of an optical fibre. The exit of the fibre is rectangular (width is 2
mm) for efficient coupling of the light into a Bentham M300 monochromator. The exit
slit is set at 2 mm and is directly followed by a Hamamatsu R928 photo multiplier (at
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1240V) mounted on the exit slit. This gives a spectral resolution of about 0.5 nm. The
photo multiplier output current is converted to a voltage by a sensitive current-to-
voltage amplifier (1 nA results in about 1 mV) and then connected to the voltage input
of the lock-in amplifier.

3.3. The plasma and gas temperatures

A complication in the determination of the degree of dissociation arises in the ETP set-
up because the molecular hydrogen density changes when the plasma is turned on due
to an increase in the heavy particle temperature. In the case where the pressure is
constant during the plasma-on and plasma-off fluorescence measurements, the degree
of dissociation is given by:

- ap,corr

ﬂ _ Zﬂp ( Tplasma ] 1 1 ap,corr ) (8)
It should be stressed that equation 8 is different if the fluorescence measurements are
carried out under constant pumping speed conditions. The parameters in equation 8 that
need to be determined are 7 and the ratio between the plasma and gas temperatures.
The gas temperature during the plasma off measurement is equal to room temperature,
leaving the plasma temperature to be determined. In principle one can obtain the
plasma temperature from the Doppler width of a spectral line of spontaneous emission.
Another possibility is to determine the gas temperature from the rotational temperature
utilizing e-beam-induced H, Fulcher band emission. In this work we employed the
electron beam to determine the ratio T)asma/Tges by measuring the EBIF of helium that
we added in small amounts (0.35 slm) for this purpose in the background gas. We
assume that the helium will perfectly mix with the hydrogen (and Argon); i.e. the
helium gas will acquire the same gas temperature as the plasma particles. Moreover,
since we are dealing with a remote plasma, the helium does not influence the plasma
chemistry. The detected EBIF from the 1s3p — 1s2s He transition is proportional to
the helium density, and is measured in the plasma-on and plasma-off situations. The
expression for the degree of dissociation changes to

gas
n a ,COrr
p=|dl o | ]| —*~ , ©))
p plasma -«
He p.corr

where the gas density ratio can be calculated from the fluorescence measurements in
the presence of helium as follows,

Q gas gas
SHe,beam _ Ny, _ Tplasma (10)
& plasma plasma T ?

He,beam He gas
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where S&*

He,beam

The amount of helium gas injected is chosen such that the inaccuracy in the
temperature is small in comparison with other errors.

& plasma . . .
and Sy, .., refer to the ac measurements using the lock-in amplifier.

3.4. Measurements

A measurement of the degree of dissociation consists of a lock-in amplifier read-out

Sv plasma

while the plasma is on, Ppq.beam

(cf. equation 2, but now using the modulated e-beam
technique and the lock-in amplifier) and a read-out while the plasma is off, S beam - 1N
the plasma-off case the same gas flows are running and the reactor pressure is kept
equal. If we set the integration time of the lock-in amplifier to 10 seconds, then the
inaccuracy of these measurements is 1-2% in the case of a pure hydrogen plasma when
detecting the Balmer o line. The inaccuracy is 2% for detection of the Balmer {3 line
and 5% for the Balmer y and & lines. When Ar is added to the plasma the inaccuracy
increases to 10% at 1.5 slm Ar and 2.0 slm H, (Balmer a line). With these numbers the
degree of dissociation of hydrogen can be calculated using equation 1. The actual
number of emitted photons per unit volume cannot be determined, because the
detection efficiency is not known. The error in the calculated degree of dissociation is
very sensitive to the measurement inaccuracy in z. This number is close to 1 (the
degree of dissociation B is about 1-10%), so after subtracting 1 (cf. equation 1) the
relative error is increased. It is clear from equation 1 that this effect is reduced when o,
decreases (i.e. for higher quantum numbers) because then the measured values of T are
higher.

We measured the atomic hydrogen density of the plasma for an Ar/H, plasma
([Ar](slm)/[Hz](slm)=1.5/2.0) and in a pure hydrogen plasma for reactor pressures
ranging from 0.2 to 1.0 mbar. For the pure hydrogen plasma we measured the
fluorescence of the first four Balmer lines (transitions fromp =3, 4, 5,and 6 top =2 at
wavelengths of 656 nm, 486 nm, 434 nm, and 410 nm respectively). When argon is
admixed, the argon gives too much background radiation on electron excitation to be
able to measure the hydrogen Balmer B, vy, and & lines, unless a better spectral
resolution is obtained for resolving the hydrogen lines from the argon lines.

3.5. Applicability and detection limit

EBIF is a relatively easy technique for measuring the atomic hydrogen in hydrogen
plasmas. There are a few limitations though. We can estimate the detection limit for the
degree of dissociation, realizing that the number of counts coming from directly
excited atomic hydrogen must be higher than the noise in the number of counts coming
from dissociated H,:

[ dis:
Cy, <Cy = nHznekp’“f]tI/det <nyn Ve (1D
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where ¢, and ¢y are the number of counts coming from directly excited atomic

hydrogen and the number of counts coming from dissociated Hy, respectively, ny, is

the molecular hydrogen density, ny is the atomic hydrogen density, #, is the electron
density in the electron beam (all densities have unit m™), # is the detection efficiency, ¢
is the measurement time in seconds, and ¥V, is the detection volume that is imaged on
the detection system in cubic metres. For low degrees of dissociation, ny is equal to

pny, - Now the detection limit can be calculated:

diss
kP

_. (12)
I’lel’le ntVdet

The reaction rates are given in Appendix B. We can estimate the numbers in equation
12 that are applicable in the experiment described in this paper: 7, = 3-10" m™ (1 mA
and 20 kV in a 2-mm diameter beam), ny = 0.5-10°> m™ at 0.2 mbar at 293 K, Vaer =

15 mm’. We can estimate the efficiency of detection from the opening angle of the
detection system, considering that other effects on the efficiency like the quantum
efficiency of the photo multiplier tube, etc. are negligible. With a focal length of 0.4 m
and an aperture diameter of 6 cm, about 0.1% of the total radiation is detected. If we
consider detection of the Balmer o line, then the detection limit is

5-107¢

i

Detection on the other Balmer spectral lines used in the experiments in this paper leads
to a slightly higher detection limit, up to a factor of 2.5 higher for detection on the
Balmer 6 line.

Another limitation in the applicability of the technique is that the electron beam
scatters too much and diffuses to a wide beam at too high particle densities. For a pure
hydrogen plasma the limit is just above 1 mbar. For plasmas of hydrogen mixed with
other gasses the limit on the pressure and plasma contents depends strongly on the
cross-sections of the particles in the plasma for scattering with electrons from the
electron gun. In the case of an Ar/H, plasma of 0.2 mbar the measurement error in the
degree of dissociation is 35% when the Ar/H, ratio is 4/3. Extrapolation of the cross-
section data for scattering of electrons with Ar atoms in [14] gives a cross-section for
20 keV electrons of about 4-10* m?, which with a partial Ar pressure of 0.1 mbar
leads to a mean free path of 1 m. The distance between the electron gun and the centre
of the plasma chamber is 0.4 m.

B> (13)
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4. Results and discussion

In the case of 0.20 mbar H, and detection of the Balmer a line, the read-out from the
lock-in amplifier is $7%™ = 168+2 mV when the plasma is on and S = 224+3

a,beam a,beam

mV when the plasma is switched off. Note that the signal with the plasma on is lower
than with the plasma off, while in the latter case there is no atomic hydrogen that can
be excited. However, this is more than compensated for by an increase in dissociative
excitation because the molecular hydrogen density is higher due to the lower
temperature when the plasma is off. This provides an example for the fact that the
difference in particle density really should be corrected for. With 0.35 slm He added in

the reactor, the read-out from the lock-in amplifier is S£“™ == 140+1 mV when the

plasma is on and S&*,  =336+2 mV when the plasma is switched off. This leads to

He,beam

a particle density ratio n**/n”' ™ of 2.40+0.01. If we assume a gas temperature of 293
K when the plasma is switched off, then with the ideal gas law the heavy particle
temperature in the plasma following from this density is equal to 70110 K. With
equation 8 the dissociation degree equals (7£1)%, from which it follows that the
atomic hydrogen density equals (1.3i0.2)~1020 m™. Without a correction for re-
absorption the degree of dissociation becomes (12£1)% and the H density
(2.6£0.2):10*° m>.

Figure 3 shows the measured degree of dissociation. The degree of dissociation
varies from (1#0.2)% (H density (2.040.4)10° m”) to (7£1)% (H density
(1.3£0.2)-10%° m™) as the reactor pressure is varied from 1.0 mbar to 0.2 mbar. On the
x-axis we have the degree of dissociation as measured using the Balmer 3 line. On the
y-axis we have the degree of dissociation as measured on the Balmer a, y, and d lines,
not corrected for optical thickness. Also the degree of dissociation as measured from
the Balmer a and B lines, corrected for optical thickness, is shown in figure 3. The x=y
line symbolizes perfect agreement of the degree of dissociation as determined using the
different spectral lines with the measurement of the degree of dissociation measured
using the uncorrected Balmer B line fluorescence. Four observations can be made.
First, the coincidence of the measurements using the Balmer B line with correction for
optical thickness with the line x =y suggests that the correction for optical thickness
does not affect the values for the degree of dissociation as determined from the
uncorrected Balmer B line fluorescence. Apparently the plasma is optically thin for
photons in the Lyman vy line (p = 4 to 1 transition). Degrees of dissociation measured
on higher excited states (Balmer y and 8) will therefore not need a correction either.
Second, the correction for optical thickness turns out to be necessary for the
measurements with the Balmer a line. The degrees of dissociation measured with the
Balmer a line that are corrected for optical thickness also agree reasonably well with
the measurements using the Balmer B line fluorescence. If the re-absorption correction
is not carried out, the degrees of dissociation deviate substantially, showing that the
Lyman f radiation has a mean free path shorter than the size of the detection volume. A
third observation is that the degrees of dissociation as measured using the Balmer y line
also agrees with the Balmer [ method. Fourth, the degrees of dissociation as
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determined from the measurement using the Balmer & line fluorescence is about a
factor of 5 lower. This deviation can be explained by considering the optical decay
rate. The thermal velocity (about 3 km/s at 500 K) multiplied by the lifetime of the p =
6 excited state (0.6 ps) is equal to about 2 mm, not too different from the size of the
detection volume. In other words, the decay rate of this state prohibits a complete
capture of all the radiation of this state, i.e. the radiative decay occurs partly outside the
detection volume.

®  Balmer a, uncorrected
v Balmer «, corrected
® Balmer B, corrected
A Balmer y, uncorrected
v Balmer s, uncorrected T
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Figure 3. The degree of dissociation measured on different Balmer lines vs. the degree
of dissociation measured on the Balmer B line. The line x=y denotes agreement
between the measurements.

In addition to the pure hydrogen measurements the degree of dissociation for an
Ar-H, mixture was measured too, to demonstrate the feasibility (2 slm Ar and 1.5 slm
H,): (17+6)% (H density (8+3)-10" m™). Here the measurement accuracy is not very
high because heavy atoms are added, leading to a blowing up of the radius of the beam
as discussed above.

5. Conclusions

In this paper we have introduced EBIF as a new technique for the measurement of the
degree of dissociation of hydrogen. The feasibility of an absolute measurement of the
atomic hydrogen density in hydrogen containing plasmas is demonstrated. No
additional calibration is needed. However, there are limitations on the plasma pressure
for keeping the scattering of the electron beam within acceptable limits. Detection of
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different lines of the fluorescence spectrum of the atomic hydrogen gives similar
results, if the appropriate corrections are taken into account. This demonstrates the
feasibility of the EBIF measurements.
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Appendix A. Vector and matrix definitions
n,

n , . .
n=| " | describes the occupation of the excited states.

A= =l 3 is the radiative decay matrix.
oo 0 -34,
i=1
(e @]
= X kyj—kyy k3) kgp
Jj=3
k 5 k ; k k
-y L=
K = 23 PART 43
k k § k % k
24 34 J= 4; 3 41

is the collision (de-) excitation matrix. The cross-sections for de-excitation are above
the diagonal and the cross-sections for excitations are below the diagonal.
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ky,y, O 0
ion 0 k 3+ O Tt . . . . . .
K™ = is the matrix for ionisation by electron impact.
= 0 0 k, -
exc
12
exc
k= ljw are the coefficients for electron impact excitation from the ground
14
state.
k éﬁss
di k diss
k" = kiﬁ” is the vector for dissociative excitation by electron impact.
4

Appendix B. Numerical values of the decay rates and excitation cross-
sections

The numbers for the radiative decay probabilities are calculated as described by van
der Mullen in [12].

-4.6990 0.4410 0.0842 0.0253 0.0097 0.0044 0.0022 0.0012 0.0007 ---

0 —-0.9986 0.0899 0.0220 0.0078 0.0034 0.0017 0.0009 0.0005 ---
0 —0.3019 0.0270 0.0077 0.0030 0.0014 0.0007 0.0004 ---
0 —0.1155 0.0102 0.0033 0.0014 0.0007 0.0004 ---
0 —0.0519 0.0046 0.0016 0.0007 0.0004 --- [S_l]

[N
I
—_
<

e O O O O O O O

0

0 0 0 -0.0262 0.0023 0.0008 0.0004 ---
0 0 0 0 —0.0144 0.0012 0.0005 ---
0 0 0 0 0  -0.0085 0.0007 ---
0 0 0

0 0 0  -0.0052---

The coefficients for electron impact excitation/ionisation/dissociation given below are
all calculated by multiplying the cross-section with the electron velocity (between
round brackets). Two electron velocities should be accounted for: 8.4-10° m/s for the
20 keV electrons from the electron gun and 0.3-10° m/s for the electron energy in the
plasma of about 0.2 eV.

Below are the coefficients for electron impact (de-)excitation: K for collisions
with plasma electrons and K*" for collisions with electrons from the electron gun.
The excitation rate coefficients are calculated using the Born approximation, as, for
example, explained by R.K. Janev et. al. [10]. The cross-sections for electron impact



34

Chapter 3. EBIF measurements of the degree of H, dissociation in hydrogen plasmas

de-excitation are satisfactory approximated by the area of a circle with a radius that is
twice the excited electron orbital radius [12]. You can see that in the case of electrons
in the plasma de-excitation is an important process, whereas for the high-energy
electrons only excitation is important.

0

£:10—15

(R =R i = I =)

Kbeam — 10—18

—0.0006 0.0029

0

=i i = =]

- 0.0015 0.0000 0.0000 0.0000 0.0000
0.0011 — 0.0066 0.0000 0.0000 0.0000
- 0.0198 0.0000 0.0000
— 0.0472 0.0000
—0.0967 0.0000
0.0567 —0.1773 0.0000
0.0066 0.1017 - 0.2975 0.0000 0.0000 ---

0.0002
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000

0.0044
0.0006
0.0002
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0.0001
0.0000
0.0000

0.0090  0.0220
—0.0058 0.0090 0.0220
- 0.2700 0.0220

0.0456  0.0845
0.0456  0.0845
0.0456  0.0845

—0.1195 0.0456 0.0845
0.0315 —0.3139 0.0845
0.0715 — 0.6800 0.1441
0.0144  0.1430 -1.3256 0.2309
0.0300 0.2604 - 2.2829 0.3519 ---
0.0121  0.0564 0.4389 —3.1671:--

0.0126
0.0016
0.0005
0.0002
0.0001
0.0001

0

0
0
0

0.0286
0.0035
0.0011
0.0005
0.0003

0
0

0.0000
0.0000
0.0000
0.0000

0.1441
0.1441
0.1441
0.1441
0.1441

0.0000
0.0000
0.0000
0.0000
0.0000

0.2309
0.2309
0.2309
0.2309
0.2309
0.2309

0.3519 ---
0.3519 ---
0.3519 ---
0.3519 ---
0.3519 ---
0.3519 ---
0.3519 ---

0.0021 0.0114 0.1695 — 0.4504 0.0000

0.0009 0.0035 0.0184 0.2668 — 0.2900 -

The electron impact ionisation cross-sections are calculated in [10]:

Kion — 10—16

Kion,beam — 10—19

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0.1858 0
0 0 0 0 0 0 0 0 0.5058
0.0018 0 0 0 0 0 0 0 0
0 0.0143 0 0 0 0 0 0 0
0 0 0.0255 0 0 0 0 0 0
0 0 0 0.0399 0 0 0 0 0
0 0 0 0 0.0574 0 0 0 0
0 0 0 0 0 0.0782 0 0 0
0 0 0 0 0 0 01021 0 0
0 0 0 0 0 0 0 01292 0
0 0 0 0 0 0 0 0 0.1595

0.0000 0.0000 ---
0.0000  0.0000 ---
0.0000 0.0000 ---
0.0000 0.0000 ---
0.0000  0.0000 ---
0.0000  0.0000 ---

03108 )fm3s]

(84107 )fms]

0310 )[ms™']

(84107 )[m?s™']

From [10] we took the formula for the calculation of the electron impact excitation
from ground state. Mohlmann et al. [15] present an empirical formula for the
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calculation of the cross-section for dissociative excitation by electron impact, which is
used here to calculate the dissociative excitation coefficient:

0.1033 0.0326

0.0179 0.0027

0.0063 0.0006

0.0030 0.0002
exc,beam -21] 0.0017 7 3 1. diss,beam _ -21| 0.0001 | . 7 3 -1
k ~1072' 907 | (8 4107 )lms ™ | & 107!} 0001 | (34107 s~ ]

0.0007 0.0000

0.0005 0.0000

0.0003 0.0000

Appendix C. The degree of dissociation

We start with the mass balance for all excited states:

a, +Ven w (éh”j (C.1)
‘nw, = . .
d p P 0} x

The first term of the left hand side represents the change in time of the density of
particles in state p. The second term represents the transport of particles. The right
hand side represents the production and loss of the excited state p due to electron-

particle collisions and radiation. 7, is the occupation of the excited state p and w, is

the average velocity of an excited atom in state p. For the ground state atoms transport
is important, especially in the case of a plasma that expands in a low-pressure reaction
chamber. But these transport phenomena occur on a much larger time scale than the
nanosecond time scale of the excitation and de-excitation processes in the plasma.
Therefore we can neglect the transport of excited atoms. This results in the Quasi-
Steady State Solution (QSSS):

on on Oh
P W e
d CR 5[ population d depopulation

Now we apply this balance to the hydrogen atom and we fill in the possible processes
in a hydrogen plasma:

, dis: B

mnky, + X ngnky, — X nynk,, + ¥ n,Ad, ~% n,A, —n,nk," +nH2nekp’“ +P(p)=0
q#p q#p q>p q<p

A B C D E F G H (C.3)

where n; denotes ground state density, z, is the electron density in the plasma, & is the
(de-)excitation reaction coefficient for electron collision, and 4, is the radiative decay



36 Chapter 3. EBIF measurements of the degree of H, dissociation in hydrogen plasmas

constant for the decay from state g to p. The physical processes that are represented by
the expressions in equation C.3 are:

A:population of state p by electron impact excitation from the ground state

B: population of state p by (de-)excitation by electron impact from state ¢

C: depopulation of state p by (de-)excitation by electron impact to state ¢

D: population of state p by radiative decay from a higher state ¢ (cascade radiation)

E: depopulation of state p by radiative decay to a lower state ¢ (spontaneous emission)

F: depopulation of state p by electron impact ionisation

G: population of state p by H, dissociation by electron impact

H:population of state p by recombination processes, like three-particle recombination
and dissociative recombination

Equation C.3 can also be written in matrix format:
(7+n K) K™ -n+mnn kex‘+nH K™+ P=0 (C.4)

Now A is the radiative decay matrix. Note that the indices in the previous variables

A,y (equation C.4) denote states and do not correspond with the index in the matrix 4

(cf. Appendix A for the matrix definitions).
We can rewrite equation C.4 into

. b jon b
n= —mv(é+ Kl’l T K eamneJmam Ewn _Klon eamneJ’eam). (CS)
diss plavma diss ,beam plasma exc exc,beam
(7+k n, H +k ’/le—beamn[-j2 +n1nek +n 17 beamk )

Some parts of this expression can be neglected. To compare the magnitude of the
expressions that make up equation C.1 we use the numbers in Appendix B and we
estimate that the electron density in the plasma n, will be about 10" m™, and the
electron density in the 1 mA, 20 keV, 2 mm diameter electron beam 7, peqn 1S 1.9-10"

m>.

Case plasma on and electron beam on

First we compare the matrices that are written between the first brackets. If we multiply
the value for 7, peqm given above with the matrix Kb “" we see that all values are at least
a factor 1000 smaller than the values in matrix 4. So this can be neglected. This also
counts for 7¢ peamK'”" beam - Also n K" can be neglected except for p =9 and p = 10. n.K
can be neglected for the states up to p = 5, for p = 6 the contributions are about equal
and for the higher states de-excitation by electron impact is more important than
radiative decay. Still we will neglect this expression, because we will only consider the
lower states in this research. The only part left in the expression between the first
brackets in equation C.1 is 4. The energy of the electrons in the plasma is too low (+
0.2 eV) to dissociate H, (19 eV) or to excite ground state H atoms (10.2 eV), so in the
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diss plasma exc

expression between the second brackets the parts k™ n,n

M, and mn,k

disappear.

Case plasma off and/or electron beam off
For the case plasma off n;=0 in equation C.5 because no atomic hydrogen is generated
by the plasma, and for the case electron beam off of course 7, 4., =0 in equation C.5.

Three-particle recombination

Now we only have to prove that the electron beam does not influence P, because that
would simplify the subtraction in the numerator of 7 in equation 2. Three-particle
recombination with an electron from the electron beam would be one of the candidates.

9
The reaction rate is 71+ peank """ with k>7"" =1.7-107% E,? [m6 / s] and with
E,=20 keV. The second candidate is radiative recombination for which the rate is given
by n+ne—beamkrad.rec. with krad,rec. ~ 10_19Ee_0'2[m3/s]‘

Filling in the appropriate numbers (for the ion density n+ we fill in the plasma electron
density) shows that these rates are negligible in comparison with

diss ,beam ] b
plasma exc,beam
k Ry poanPpr, A0 11 peank )

Starting with equation C.5 all considerations above lead to the formulas as described in
table 1.

Appendix D. Re-absorption correction
In general, the radiative decay matrix can be corrected for re-absorption by means of an

escape factor. Imagine a volume of size R from which the radiation escapes. The
escape factor then is given by

1
2 2
Ap’qzl =0.65 g(p) nlﬂ’ A(pﬁl)R (Dl)
g(l) 8z3"%Av,

with g(p) =2p2 is the statistical weight of state p,

n; is the ground state density,

c is the speed of light,

A is the wavelength of the detected transition, and

8kT,
Av, =< " is the Doppler broadening with 7j, and mj; being the

Ao\ my,c

temperature and the mass, respectively, of the atomic hydrogen.
Now the radiative decay matrix is corrected for re-absorption with the escape factor in
the following way:
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Abstract

An ecasy and reliable method to extract the crystalline fractions in microcrystalline
films is proposed. The method is shown to overcome in a natural way the
inconsistencies that arise from the regular peak fitting routines. We subtract a scaled
Raman spectrum that was obtained of an amorphous silicon film from the Raman
spectrum of the microcrystalline silicon film. This subtraction leaves us with the
Raman spectrum of the crystalline part of the microcrystalline film and the crystalline
fraction can be determined. We apply this method to a series of samples covering the
transition regime from amorphous to microcrystalline silicon. The crystalline fractions
show good agreement with x-ray diffraction (XRD) results, in contrast to crystalline
fractions obtained by the fitting of Gaussian line profiles applied to the same Raman
spectra. The spectral line shape of the crystalline contribution to the Raman spectrum
shows a clear asymmetry, an observation in agreement with model calculations
reported previously. The varying width of this asymmetrical peak is shown to correlate
with the mean crystallite size as determined from XRD spectra.
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1. Introduction

Hydrogenated amorphous silicon (a-Si:H) has been studied for application in solar
cells for several decades. Nowadays, microcrystalline silicon (uc-Si:H) also receives
much attention because it is a suitable material for application as the intrinsic layer in
the bottom cell of thin-film tandem solar cells. To study the material properties, the
complete set of analysis techniques used in a-Si:H research (reflection/transmission
spectroscopy, sub gap absorption, dark and photoconductivity, etc) can be copied,
although carefully [1]. In addition, the study of this material should also include the
determination of the crystalline fraction, because uc-Si:H is a heterogeneous material
and consists of crystalline and amorphous regions. The fraction of crystalline material,
the crystallite size, and the grain boundaries have an important influence on the optical
and electrical properties that are relevant for application in solar cells. Void and grain
boundaries, for example, could contain a high density of recombination centres,
whereas a high crystalline fraction is likely to increase the mobility of the charge
carriers.

Four techniques are commonly used to analyse the structural properties of sic-
Si:H: high-resolution transmission electron microscopy (HRTEM), x-ray diffraction
(XRD), spectroscopic ellipsometry (SE), and Raman spectroscopy. However, none of
these techniques leads to an unambiguous determination of the crystalline fraction in
te-Si:H films. First, HRTEM is a complicated technique and its respective images
have a poor contrast on amorphous material, so regions where amorphous and
crystalline material overlap in the sample will appear to be fully crystalline in the two
dimensional image. Therefore it is difficult to determine the crystalline fraction in
microcrystalline material from these images, unless the crystalline fraction is so small
(smaller than a few percent) that the crystals do not overlap in the image. Particle sizes,
though, can be extracted. Second, XRD is an easier technique, but a reasonable scan
takes at least two hours for films of about 500 nm thick. Also it is not straightforward
to extract the crystalline fraction, although some researchers reported doing so [2,3].
The average particle size can be extracted from the XRD peak widths. Third, SE is a
simple and easy measurement technique. It gives the dielectrical constant as a function
of energy, which is fitted with a model containing parameters like film thickness and
crystalline and void fractions [4]. However, it is not unambiguous as to which model is
accurate and realistic.

A fourth technique to analyse the structural properties is Raman spectroscopy.
Most methods used in literature to obtain crystalline fractions from Raman spectra are
based on peak fitting and suffer from interpretation problems. For example, often three
peaks instead of two (one for the crystalline and one for amorphous part) are necessary
to fit the experimental data. The need for three peaks is often explained by introducing
an extra phase in the material. Furthermore, the crystalline fractions that result from
peak fitting are very sensitive to the choice of input parameters like whether peak
positions are allowed to vary and the range of data points that is included in the fitting
procedure.

In this article we will first review reported methods to obtain information on the
material structure from Raman spectra. Then we propose an alternative approach to
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separate the amorphous and the crystalline contributions to the Raman spectrum of the
microcrystalline silicon film that is to be examined. This method is applied to a series
of silicon films that covers the transition from amorphous to microcrystalline. We will
show that this technique automatically resolves several problems related to the methods
used in literature. Finally, we shall compare crystalline fractions obtained with this
method with results form XRD analysis and Gaussian line profile fitting procedures on
the same samples and present our conclusions.

2. The Raman spectrum of microcrystalline silicon

2.1. The Raman spectrum

Raman shift (cm'1)

400 450 500 550 600

Measurement
microcrystalline silicon

b a

400 450 500 550 600 400 450 500 550 600
Raman shift (cm'1) Raman shift (cm'1)

Figure 1. (a) Raman spectrum of monocrystalline silicon. (b) Raman spectrum of a-
Si:H. (c) Summation of (a) and (b) (solid line), scaled before summation by the eye so
that the peak and the ‘bump’ in (c) fit the peak and the ‘tail’ of the Raman spectrum of
uc-Si:H (dahed line).

In a solid a small part of the energy of an incoming photon can be used to excite a
lattice vibration (phonon). The remaining energy escapes as a photon with a slightly
smaller energy compared to the incoming photon. This energy shift is denoted as
Raman shift. In a crystalline solid the momentum conservation law selects only
phonons with zero momentum, because the momentum of the photon is negligibly
small. In monocrystalline silicon only the optical phonon with energy 64 meV has zero
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momentum and this leads to the sharp peak at a Raman shift of 520 cm™ (figure 1a). In
a-Si:H the momentum selection rule is relaxed and a variety of phonon modes and
energies are allowed [5]. A broad peak centred at 480 cm’' now dominates the Raman
spectrum (figure 1b). zc-Si:H can be considered as a mix of crystalline Si (¢-Si) and a-
Si:H. The Raman spectrum, however, is not simply the sum of a monocrystalline
silicon and an amorphous silicon spectrum, as can be seen in figure 1c. This is due to
the fact that the Raman spectrum of a small crystallite is different from a Raman
spectrum of monocrystalline silicon. It is not straightforward how to determine which
part of the spectrum is due to the crystalline fraction and which part can be attributed to
the amorphous fraction in gc-Si:H. This determination is necessary, though, in order to
extract the crystalline fraction from Raman spectra.

2.2. Ways to get the material structure from Raman spectroscopy

We will first shortly review several techniques that have been reported to separate the
Raman spectra into a crystalline and an amorphous contribution. The simplest way is
just to compare the peak height at 520 cm™ to the peak height at 480 cm™ (e.g., see
reference 6). This comparison gives only a very rough estimate of the crystallinity of
the material. Peak fitting is more frequently used to unravel the spectrum. For example,
two peaks (Gaussian or Lorentzian line profiles) can be used, one to describe the
crystalline part and one for the amorphous part, but this procedure does not lead to a
good fit to the measured Raman spectrum. Furthermore, the low energy peak, which is
attributed to the amorphous fraction, tends to shift to higher energies then the expected
480 cm. As we will show later, this shift is not due to a shift of the amorphous
transverse optical (TO) phonon energy, but to the change in the Raman peak shape of
the crystalline fraction. In order to obtain a good fit to the measured spectra at least
three peaks are necessary [2,7]. The third peak is then attributed to surface modes [7]
or to hexagonal ordered silicon [2].

The peak fitting routines described herein require this extra peak because the
peak shape of the crystalline part is asymmetric and varies for different samples. As
calculated by Richter et al. [5] and Campbell et al. [8] the crystalline peak width and
position is influenced by the crystallite size and shape. For example, calculations show
that this peak becomes more and more asymmetric for smaller crystallite sizes. Touir et
al. [9] account for this by using two asymmetrical Lorentzian line profiles to obtain a
good fit to their spectra. They find peaks around 500 cm” and 520 cm™ (and so do we
with our samples as we will show in Sec. 4.4), which they attribute to two distinct
crystallite sizes. However, the idea of two crystallite sizes is not attractive, because a
continuous distribution of sizes seems more likely. Furthermore, only the TO phonon
mode of a-Si:H is included in the fitting procedures mentioned herein, while the
amorphous longitudinal optical (LO) phonon mode, and maybe even the Si-H wagging
mode at 660 cm™ and the transverse acoustic (TA) phonon mode of the amorphous
fraction, have an influence on the microcrystalline Raman spectrum in the energy
region of the crystalline feature (around 520 cm™). In addition, the amorphous peak in
the Raman spectrum of uc-Si:H has been reported to shift to higher energy with
increasing crystalline fraction. This shift is attributed to an extra TO band at about 490
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Figure 2. The amorphous peak of the Raman spectrum of uc-Si:H seems to shift to
higher energies with increasing crystalline fraction. Inset: the amorphous contribution
plus the crystalline contribution make the microcrystalline spectrum. The addition of
the sloped shoulder of the crystalline contribution seems to shift the maximum in the
spectrum of the amorphous sample to a higher energy in the spectrum of the
microcrystalline sample. This shift could abusively be interpreted as a shift of the
amorphous TO phonon energy.

cm’, indicating a secondary phase in the amorphous material [10]. We also observe
this apparent peak shift (figure 2).

In contrast to the Raman signal of the small crystallites in zc-Si:H, the Raman
signal of a-Si:H is shown to vary only slightly between different samples. Spectra
taken from some of our own amorphous samples deposited under different processing
conditions show no significant differences for the range investigated (figure 3). In line
with this result Ishidate e al. [11] found TO phonon energy shifts of only a few cm™
and peak width variations of a few percent at most when the hydrogen content is varied
from 6 to 18 at. %. This strongly suggests that the Raman spectrum of the amorphous
fraction in pc-Si:H can be represented by the Raman spectrum of @-Si:H. Therefore it
must be possible just to subtract the amorphous contribution to the Raman spectrum of
pe-Si:H with the help of a Raman spectrum of an amorphous film. The advantage is
that in the unravelling of the Raman spectrum of uc-Si:H not only the TO phonon
mode of the amorphous component is taken into account but also the other phonon
modes. After the subtraction, changes in the peak shape of the crystalline contribution



44 Chapter 4. Determining the material structure of uc-Si:H from Raman spectra

at% H n@IR
— 3 27
— 6 29
————————— 6 3.2
8 3.1

normalised intensity

200 300 400 500 600 700 800 900
Raman shift (cm-1)

Figure 3. Raman spectra of four a-Si:H films with varying refractive index and
hydrogen content.

to the Raman spectrum of uc-Si:H become clearly visible. The apparent peak shift
shown in figure 2 can now be explained in a natural way as illustrated in the inset of
figure 2: when the TO phonon peak in the Raman spectrum of an @-Si:H film is added
to the asymmetrical, sloped shoulder of the Raman peak of the crystalline fraction in
Hc-Si:H, then the position of the peak in the resulting line shape is expected to shift.

3. Experiment

We deposited two series of silicon films of about 600 nm thick on Corning glass C1737
and [111] oriented, slightly n-type c-Si substrates simultaneously, using expanding
thermal plasma chemical vapour deposition [12]. Details on the deposition set-up are
reported elsewhere [13]. The first series of samples is deposited using an Ar flow of
1200 sccm, a H, flow of 600 sccm, and a varying SiHy flow from 0.5 to 10 sccm. The
second series is deposited using a constant SiH, flow of 5 sccm and a varying hydrogen
flow. The argon flow was set at twice the hydrogen flow. A third series of samples is
deposited using a pure H, plasma with a H, flow of 2000 sccm and a varying SiH4 flow
on glass and Al foil and the films are about 5000 nm thick.

The Raman spectra of the silicon films on the glass substrates are measured
using a Raman microscope (Renishaw (Gloucestershire, UK) Ramascope system 2000,
grating 1800 lines/mm) in a backscattering geometry with a 2 mW Ar laser at a
wavelength of 514.5 nm focussed in a spot of about 1 pm. On the samples on ¢-Si
substrates of the first sample series XRD measurements are carried out (Bruker-Nonius
(Delft, The Netherlands) D5005 6/8 diffractometer with diffracted beam graphite
monochromator, wavelength Cu a). On the third sample series with Al substrates also
XRD measurements are carried out to determine the crystalline fraction.
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4. Results and discussion

4.1. Splitting a Raman spectrum into a crystalline and an amorphous contribution

In order to split the Raman spectrum of a uc-Si:H film into a crystalline and an
amorphous contribution we subtract a scaled Raman spectrum of an a-Si:H film (figure
4). The result is denoted as pc-Si — 4 x a-Si:H — B, where B is a flat background to
correct for the dark counts and background light. Because of differences in signal
strength (caused by differences in sample alignment and film composition) the
amorphous spectrum is scaled by a factor 4 before subtraction. The values for this
constant and background are obtained in a least squares routine, realizing that the
crystalline contribution to the spectrum of uc-Si:H cannot contain peaks at the
amorphous acoustical phonon energies. That means that the residue in the regions in
the spectrum outside the TO phonon peak (we take the region 200 cm™ to 440 cm™ and
560 cm™ to 850 cm™) should be minimised.

The resulting crystalline part of the spectrum shows a flat background, as can be
seen in figure 4. The features at the low-energy side of the TO crystalline peak at 520
cm’ in the amorphous and in the microcrystalline spectra (in the energy range of 150
cm’' to 480 cm™) that are attributed to the LA, TA, and LO amorphous phonon modes
are absent. Moreover, the broad features at the high-energy side in the amorphous and
microcrystalline spectra at about 650 cm™ and 950 cm™, which are attributed to two-
phonon excitations in @-Si:H and to the Si-H wagging mode, are also subtracted
correctly. The only feature that remains is a bump at 960 cm™. This feature is due to
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Figure 4. From a Raman spectrum of mc-Si:H (thick line) a Raman spectrum of a-
Si:H (thin line) is subtracted to obtain the contribution of the crystalline fraction. The
scaling factor for the amorphous contribution and the flat background are obtained in
a least-squares procedure. For comparison the Raman spectrum of monocrystalline
silicon is shown also (dashed line). The inset contains a magnification of the TO
phonon peak region.
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the two-phonon excitation process in ¢-Si (it can also be noticed in the Raman
spectrum of monocrystalline silicon in figure 4) and should therefore be present in the
Raman spectrum of the crystalline fraction. These observations strongly suggest that
the procedure followed splits the Raman spectrum of zc-Si:H into the amorphous and
the crystalline contributions. The small, uncorrelated residue that is obtained after the
subtraction is strong evidence for the assumption that the shape of the Raman spectrum
of a-Si:H used in this procedure is the same as the shape of the Raman spectrum of the
amorphous fraction in pc-Si:H.

4.2. Raman spectrum of the crystalline fraction

In figure 5 the XRD measurements of the first sample series (see Sec. 3) are presented
and it can be concluded that the samples deposited with SiH, flows from 0.5 to 5 sccm
contain a crystalline fraction and the sample deposited with a SiH,; flow of 10 sccm
does not. The Raman spectra of the silicon films are split into an amorphous and a
crystalline contribution following the procedure just described. The crystalline part of
the Raman spectra is shown in figure 6. The spectra are normalised to the maximum of
the Raman peak. For comparison the Raman spectrum of ¢-Si is also shown in figure 6.
Clearly, the peak of the crystalline fraction in uc-Si:H is broader than the
monocrystalline peak. It also clearly shows an asymmetry. Richter et al. [5] calculated
the Raman spectrum of a finite sized spherical silicon crystal and found a similar
asymmetry. With smaller particle size, the momentum selection rule of the Raman
process is more relaxed. With increasing momentum the TO phonon energy becomes
lower, so when a momentum greater then zero is allowed, lower-energy phonons will
be excited. This leads to a broadening of the Raman peak towards the low-energy side,
resulting in an asymmetrical peak shape.

r H, flow = 600 sccm 1 08} |
3 g SiH, fl ] %
< iH, flow (sccm) g £ 061 P 4
c L 04+ 4
[0] ©
£ £ P
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Figure 5. XRD measurements of a series of Figure 6. The contributions of the crystalline
samples deposited using a varying SiH, flow. fraction to the microcrystalline Raman spectrum
Samples deposited using a SiHy flow up to 5 normalised to one. Going from the narrow to the
sccm show crystallinity. wide peak the corresponding films are deposited

using a SiH, flow of 0.5, 1, 2, and 5 sccm. The
dashed line is the Raman spectrum of
monocrystalline silicon.
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The calculations of Richter et al. [5] explain the asymmetry, and revealed that
the broadening depends on crystallite size. Figure 6 shows that the broadening
increases with increasing silane flow. The average particle size is determined from the
XRD measurements by applying the Scherrer equation to the integral width of the peak
that corresponds to the reflection on the [220] lattice planes [14]. In figure 7 the
average particle size is plotted against the full width of the Raman peak at half
maximum, which shows a clear correlation. These data are in close agreement with
measurements by Igbal ez al. [7, 15], although they use the full width half maximum
(FWHM) of a fitted symmetrical Lorentzian line shape. Calculations of Campbell et al.
[8] show a similar trend. It should be realized that the calculations concern Raman
scattering on a ball shaped particle having a specific size, while a distribution of
particle sizes, maybe with different shapes, contributes to the experimental data. Also
calculated data of Richter et al. [5] are shown, but they show a large deviation from the
other data in figure 7.

»sL Calculations Richter [5]
O — Calculations Campbell [8]
O measurements Igbal [15]
—~ 20+ X measurements Igbal [7]
TE ® this paper
)
% 15+ i
=
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Figure 7. The FWHM of the curves in figure 6 is displayed versus the average particle
size as obtained from XRD measurements. Also other reported data, experimental as
well as calculated, are presented for comparison. The data point completely on the
right-hand side of the reciprocal x-axis is measured on an “infinitely” large c-Si wafer.

4.3. Determining the crystalline fraction

The peak areas of the crystalline and the amorphous parts of the Raman spectra
correlate to the amount of ¢-Si and a-Si:H in the film. It is not possible to obtain
absolute values because the detection efficiency is usually not known. The ratio of the
two peak areas, however, corresponds to the ratio of the amount of crystalline to the
amount of amorphous silicon. This ratio needs to be corrected for the difference in the
cross-sections for phonon excitation of ¢-Si compared to that of a-Si:H. For the TO
phonon the ratio of these two cross-sections (6..si/0,.si:n) is usually set at 0.8 [16,17]. It
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Figure 8. Four Gaussian line profiles (dashed lines) are fitted to a Raman spectrum of
a-Si:H to obtain the contribution of the TA, LA, LO, and TO phonon modes. The peak
area of the TO phonon is used in the calculation of the fraction in the microcrystalline
films.

should be noted that this cross-section ratio is reported to depend on the crystallite size,
and varies from about 0.9 to about 0.7 as the crystallite size ranges from 5 to 15 nm
[18], which are typical sizes for our samples. Now we have to determine which part of
the amorphous spectrum that is subtracted is due to the TO phonon excitation. In figure
8 the contributions of the four phonon modes are fitted to the amorphous spectrum
using four Gaussian line profiles and the peak area of the TO phonon Raman scattering
is determined. This number is multiplied by 0.8 to account for the cross-section ratio
and then multiplied by the scaling factor that is found from the least-squares procedure
described herein to account for the amount of amorphous silicon in the microcrystalline
film. The crystalline contribution is obtained by integrating the crystalline peak from
440 cm™ to 560 cm™. Following this procedure the crystalline fractions were extracted
from the Raman spectra of the samples of the second sample series. The result is
shown in figure 9. At a SiH, dilution in H, of about 1% the material changes from
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Figure 9. The crystalline fraction versus the hydrogen flow used during deposition.



Chapter 4. Determining the material structure of uc-Si:H from Raman spectra 49

amorphous to microcrystalline. It can be noticed that the crystalline fraction saturates at
a value a little below 0.8. This might be due to the grain boundaries, which can be
considered as disordered material. However, it is reported that in fully nanocrystallised
(free of amorphous material) silicon films (crystallite size around 5 nm) the amorphous
Raman signal relative to the integral Raman signal from 440 cm™ to 550 cm™ amounts
less than 0.1 [19]. This indicates that grain boundaries not necessarily result in a
saturation of the crystalline fraction at 0.8. It is therefore very well possible that a
minimum of 10 to 20% of amorphous material is characteristic for the deposition
conditions used in this article.

4.4. Comparison with other techniques

Table 1. Crystalline fraction (%) determined from XRD and from Raman spectra
using different techniques. The crystalline fractions determined from the Raman
spectra are calculated using [cryst]/([cryst] + 0.8*%[am]). First column: Silane flow.
Second column: Crystalline fractions from XRD. Third column: Crystalline fraction
determined as described in this article. Fourth column: For [cryst] and [am], the
Raman intensities at 520 cm™ and 480 cm™, respectively, are taken. Fifth column:
Fitting of three Gaussian line profiles as described in Refs. 2 and 20. Sixth column:
Fitting of five Gaussian line profiles as described in Refs. 10 and 21. From a sample
deposited with a silane flow of 18 sccm, no crystalline fraction was detected with all

techniques.
SiH, flow Raman Raman [520] Raman Raman
(sccm) XRD" this paper  versus [480]b 3 Gauss 5 Gauss
10 5849 52+4 7244 46+10 38+6
14 50+6 4644 69+3 40+17 31+6
16 1242 1144 46+2 3+1.5 5.3+£2.5

Note: cryst indicates crystalline and am indicates amorphous
“see reference 3.
b

see reference 6.

To validate the method described herein to obtain crystalline fractions the crystalline
fractions of the third series of samples (see Sec. 3) are determined from XRD
measurements, using the method described by Williamson [3]. Furthermore, to
compare our method with methods based on peak fitting we also determined the
crystalline fractions of these samples from the Raman spectra using techniques that are
presented in literature. The results are shown in table 1. In the second column the
crystalline fractions calculated from XRD measurements are shown. The third column
contains the crystalline fractions determined from Raman spectra using the method
presented in this article. In the fourth column only the signal intensities at 480 cm’ and
520 cm’' are taken for the amorphous and the crystalline fraction respectively; a
method used for example in reference 6. In the following column the result from fitting
three Gaussian line profiles is shown (fitting procedure is copied from reference 2)
[20], followed by a fit procedure (copied from reference 10) using five Gaussian line
profiles [21]. In figure 10 some of the fits are shown. figure 10(a) and 10(b) show fits
of three and five Gaussian line profiles respectively. The asymmetrical peak of the



50 Chapter 4. Determining the material structure of uc-Si:H from Raman spectra

Raman shift (cm™)
300 350 400 450 500 550

N T T T T T
position peak 1 461 +23 cm’'
area peak 1 54000 + 65000

I position peak 2 501 + 2 cm’”
areapeak 2 33000 + 22000
position peak 3 517.3 +0.2 cm’

| area peak 3 14900 +1300

position peak 1 402 + 6 cm’
areapeak 1 15000 + 5000
| position peak 2 475 +0 cm’”
areapeak 2 40000 + 5000
| position peak 3 4900 cm’
area peak 3 18000 + 2000
position peak 4 510.2 + 0.6 cm’
| area peak 4 17000 + 1000
position peak 5 517.9 £ 0.1 cm’
areapeak 5 11000 * 500

Raman intensity

position peak 1 =519.6 0.1 cm” i ©)
" position peak 2 =501 + 1 cm”

300 350 400 450 500 550
Raman shift (cm'1)

Figure 10. Several fitting techniques that are described in literature, applied to a
typical Raman spectrum of microcrystalline silicon. (a) Three Gaussian line profiles
(see Refs. 2 and 20), (b) Five Gaussian line profiles (see Refs. 10 and 21), and (c) Two
asymmetrical Lorentzian line profiles (see reference 9).

crystalline fraction is approximated by two Gaussian line profiles on the high-energy
side of the spectrum. At the lower energies, peaks are fitted that represent the
amorphous fraction. In figure 10(c) two asymmetrical Lorentzian line profiles are fitted
to the spectrum, as reported by Touir et al. [9]. A good fit to the data is obtained, but no
amorphous peak is fitted and therefore the crystalline fraction cannot be calculated.
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It should be mentioned that the calculated crystalline fractions are sensitive to
the range of data that is fitted. For example, when the Raman spectrum deposited using
10 sccm of SiHy is fitted with 3 Gaussian line profiles (column 5, first row in table 1)
in the data range from 450 cm™ to 550 cm™ in stead of 400 cm™ to 550 cm™ the
crystalline fraction changes from 0.46 to 0.40. The errors in the crystalline fractions
that are obtained by fitting Gaussian line profiles are calculated from the inaccuracies
in the peak areas that originate from the fitting procedure. The errors in column 4
correspond to the error in the number of counts. The errors in the fractions that are
obtained with the method presented in this article (column 3) are estimated from the
noise in the background after the subtraction of the amorphous signal. As stated in Sec.
4.3 the ratio of the Raman scattering cross-sections in a-Si:H and c¢-Si is set at 0.8
throughout this article, but can vary from 0.7 to 0.9 for the crystallite sizes in our
samples [18]. This uncertainty results in an error of about 10% in the lower crystalline
fractions and about 5% in the higher crystalline fractions. This error is neglected
because it is smaller than the error induced by the noise in the measurements.

The crystalline fractions obtained by the method presented in this article are in
good agreement with XRD results. Crystalline fractions obtained with peak fitting
techniques that are presented in literature do not agree as well with the XRD results.
The method presented here is not sensitive to the range of data points that is included.
Furthermore, it is straightforward what part should be attributed to the crystalline, and
what part to the amorphous part of the spectrum. And finally, there is no discussion
about peak positions that should be fixed or not to obtain realistic results. These are
clear advantages above peak fitting methods. The earlier reported discrepancy (Refs. 2
and 22) in the crystalline fractions obtained from XRD and Raman spectroscopy is not
observed in our samples when the subtraction method described in this article is
applied to the Raman spectra.

5. Conclusion

We have demonstrated an alternative technique to extract the structural composition of
e-Si:H from Raman spectroscopy. Crystalline fractions obtained using this technique
show good agreement with fractions obtained from XRD analysis, in contrast to
crystalline fractions obtained by frequently used fitting procedures in literature.
Furthermore, the subtraction of the amorphous part of the spectrum (taken from a
Raman spectrum of an a-Si:H film) clearly reveals the asymmetrical peak shape of the
Raman spectrum of the crystalline fraction as calculated in literature. Interpretation
difficulties arising from peak fitting are resolved in a natural way.
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Abstract

The thickness of the amorphous incubation layer commonly found in microcrystalline
silicon films is known to depend strongly on the deposition parameters. We deposited a
series of films of varying thickness at different process gas pressures and electrode
separations with RF PECVD. The crystalline fraction in the films is analysed using
Raman spectroscopy. The results lead to the conclusion that there is an optimum
combination of pressure and electrode separation to minimise the thickness of the
incubation layer. Hence, for systems with a fixed electrode separation, it is important to
determine the optimum pressure if thin microcrystalline films must be prepared. We
propose a general rule for the optimum deposition pressure. It is shown that a small
incubation layer is accompanied by a slow starting growth. Application as the window
layer in p-i-n deposited solar cells confirms the quality of the films.
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1. Introduction

Boron doped, microcrystalline thin silicon films are of interest to thin-film solar cell
technology because they can be used as the top contact “window” layer [1,2]. These
films are more transparent and electrically more conductive than amorphous silicon
(carbide) doped layers. Moreover, the microcrystalline p-type layer could serve as a
nucleation or “seed” layer for the subsequently deposited intrinsic microcrystalline
silicon (uc-Si:H) layer in solar cells deposited in p-i-n sequence.

In order to minimize light absorption, the films must be as thin as possible
(preferably 10-20 nm). This is a technological challenge, because the growth of sc-
Si:H tends to start with an amorphous layer [3], mostly referred to as the incubation
layer. Such an incubation layer is shown in figure 1, which is a high-resolution
transmission electron microscope (HRTEM) image of uc-Si:H on Asahi U-type
SnO;:F. In the middle of the picture a silicon crystal is visible, but it is separated from
the SnO,:F by a thin amorphous layer of about 3 nm. Averaged over the entire sample,
this amorphous film is probably a bit thicker. This amorphous incubation phase is
thought to be disadvantageous for solar cell performance, because of the relatively high
light absorption and low electrical conductivity.

y ? oy A e AT s ‘il 3 ¢
e o ¥ 1 e SRl AN el 3 o e 2 AR

Figure 1. HRTEM picture of a part of a p-i-n deposited solar cell. On the left side the
TCO is indicated (crystals of SnO,:F), then a uc-Si:H p-layer of about 20 nm is
deposited (deposition conditions are: H,/SiH,/B,Hg = 100/1/0.2 sccm, deposition
pressure of 0.15 mbar, power of 40 W, and electrode separation of 35 mm). On the uc-
Si:H p-layer an intrinsic uc-Si:H layer is deposited. The transition from p-type to
intrinsic film is not visible. There is an a-Si:H incubation layer between the TCO and
the crystals of the uc-Si:H. Only crystals with a 100, 110 or 111 orientation to the
picture plane will show up, because of the limited resolution of the microscope.

The most widely used technique for the deposition of thin (doped) silicon films,
amorphous (a-Si:H) as well as microcrystalline, is Radio Frequency Plasma Enhanced
Chemical Vapour Deposition (RF PECVD). However, it is suggested that other
deposition techniques are better suited to minimise the thickness of the incubation layer
in pc-Si:H films. Miyajima et al.[4] obtained a 30% crystalline fraction in a 20-nm thin
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film using hot-wire CVD. Hamma et al.[5] obtained a crystalline fraction of 30% in a
film with a thickness of 12 nm on an a-Si:H substrate and of 19 nm on a Cr substrate
with the layer-by-layer (LBL) technique, in which alternating cycles of deposition and
etching are applied. Finger et al. [6] reported an improved and faster nucleation during
the deposition of wc-Si:H on a-Si:H when the conventional RF PECVD excitation
frequency of 13.56 MHz is increased to 95 MHz (VHF PECVD) and a decrease in the
amorphous fraction in the initial stages of growth on glass and SiO,:F.

Using conventional RF PECVD also small incubation layers can be obtained in
uc-Si:H films. It is generally accepted that a high excitation power (0.1 — 1 W/cm?) and
a high dilution (~1%) of the silicon precursor gas SiH, in hydrogen (or sometimes
helium) are key process parameters. In contrast to this, there is no consensus about the
optimum process gas pressure. Roschek et al. [1] found 3 mbar as the optimum
processing pressure for the conductivity and the uniformity of the films. The thickness
of the incubation layer was not determined. Lihui et al. [7] show a clear crystalline
fingerprint in the Raman spectrum of a 10-nm thick film deposited at a pressure of 4
mbar while only a small crystalline peak is visible for a 100-nm thick film deposited at
the same growth rate at a pressure of 0.4 mbar. Sasaki et al. [8] obtain an incubation
layer smaller than 10 nm at a pressure of 1.1 mbar. Rath et al. [9] found no crystalline
fraction for a 25 nm thick film deposited at a pressure of 1.5 mbar, but when the
pressure was decreased to 1 mbar a clear crystalline fraction could be observed from
Raman spectroscopy even in a 15 nm thick film. In contrast to the previous reports, the
research presented in reference 7 indicates that a lower pressure is favourable for a thin
incubation layer. At very low pressures (0.07 mbar) Zhou et al. [10] claim to deposit
amorphous free intrinsic films, but this is achieved in a triode PECVD system.

In this paper we show that the thickness of the incubation layer depends on the
electrode separation and the pressure. In a-Si:H research there have been a few reports
on the influence of the electrode separation on the material quality: the electrode
separation is used to influence the type of radical (SiH; vs. SiH,) that is responsible for
the growth of the film [11] and it is also used to diminish the dust formation in the
plasma during high pressure and high growth rate conditions [12, 13]. To determine the
electrode separation that gives the smallest incubation layer in microcrystalline silicon
the self-bias voltage of the plasma turns out to be a useful parameter. We noticed that
the growth of some of the films is delayed with respect to the ignition of the plasma, or
that the initial growth is very slow. This delay is shown to correlate with the thickness
of the incubation layer. Finally the thickness of the incubation layer for the deposition
of pc-Si:H on Asahi U-type SnO,:F is addressed and we apply these films in p-i-n
deposited solar cells. We conclude that the pressure should be adjusted correctly to the
electrode-substrate separation and other geometrical influences in order to obtain good,
doped microcrystalline films for application in solar cells.

2. Experiment
The deposition set-up is a homemade parallel plate 13.56 MHz RF PECVD reactor

[14]. The substrate holder (grounded electrode) is about 13 cm x 13 cm and can hold
substrates up to 10 cm x 10 cm. The powered electrode is circular with a diameter of
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16 cm and the separation of the electrode and the substrate can be adjusted over a range
from about 1 to 4 cm without breaking the vacuum. As substrates we used Corning
7031 glass, (111) ¢-Si, and for some depositions we used Asahi U-type SnO,:F coated
glass simultaneously. The following process conditions are used throughout this paper:
the power is 40 W, the substrate temperature is 200°C, and the B,Hg flow (2% in H,) is
0.2 sccm, which is about the lowest possible flow that can be set with the flow
controller available.

We deposited a number of films with varying thickness at deposition pressures
ranging from 0.07 to 1.0 mbar. At some pressures a thickness series was deposited at
varying electrode separations. The dilution of SiH,4 in hydrogen is 1%, giving a growth
rate in the order of 0.02 nm/s. For the higher pressures larger dilutions were chosen in
order to maintain comparable low growth rates (0.67% and 0.33% for the depositions
at 0.64 and 1.0 mbar, respectively). Even higher dilutions generally show no deposition
after 15 minutes. The hydrogen flow is set at 150 sccm, except for the lower pressures
(100 sccm and 70 sccm at 0.15 and 0.07 mbar, respectively) because the pumping
capacity is limited.

The thickness of the films is determined by reflection-transmission spectroscopy.
For films thinner than about 30 nm it is difficult to determine the thickness because
there are not enough fringes to extract the refractive index as well as the thickness
simultaneously. For these films the wavelength dependent complex refractive index
from a 40-nm thick film with a crystalline fraction of 30% was used to fit the thickness.
To validate this method, the thickness was also determined for some films using
spectroscopic ellipsometry (SE). From the comparison of the SE and reflection-
transmission results we estimate the error in the film thickness to be 50% for a film
thickness up to 30 nm and of about 10% for films of 30 nm and thicker. Raman spectra

TCO

Raman intensity

background

0 / ! ; ) .II l "ll Il crystallites
200 400 600 800 1000

Raman shift (cm'1)

Figure 2. Raman spectrum of a uc-Si:H film of 15 nm on Asahi U-type TCO. The
thick line is the measured spectrum itself; the thin lines are the constituents of the
spectrum. The splitting of the spectrum is achieved by subtraction of a background, a
spectrum of a-Si:H, and a spectrum of blank TCO, with scaling factors that are
obtained in a root-mean-squares routine designed to minimize the background in the
crystalline contribution (see reference 15).
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were measured using a Renishaw Ramascope system 2000 in a backscattering
geometry with a grating of 1800 lines/mm and a 2-mW Ar laser at a wavelength of
514.5 nm focused in a spot of about 1 um. From these spectra we determined the
crystalline fraction by subtraction of the Raman signal of an amorphous sample using a
root mean square technique (see Chapter 4 or reference 15). This technique is very
advantageous for the subtraction of the SnO,:F component in the Raman spectra of the
thin pc-Si:H films on the SnO,:F coated substrates as well. Because the uc-Si:H films
are thin, also background signal from the SnO,:F appears in the spectra. This is shown
in figure 2, where the Raman spectrum of a 15 nm thick gc-Si:H film on TCO is split
into its crystalline silicon, amorphous silicon, and SnO,:F components.

Some p-layers were tested in p-i-n solar cells. The cells are prepared on Asahi U-
type TCO. Some of these substrates are covered by 40-nm thick ZnO layer, in order to
prevent reduction of the SnO,:F during the preparation of the solar cells. Then the p, 1,
and n layer are deposited followed by a back contact consisting of a 100-nm thick Ag
layer and a 200-nm thick Al layer. The intrinsic a-Si:H layer is 450 nm thick. The
microcrystalline n-type layer was deposited using similar conditions as for the p-type
layer, except that 1.0 sccm PH; was used instead of B,Hg. The cells are rectangular and
have a surface area of 0.1 cm2. The external parameters of the cells are calculated from
the J-V curve measured under AM 1.5 illumination from an Oriel solar simulator.

3. Results and discussion

3.1. Electrode separation

In figure 3 the crystalline fraction versus film thickness is shown for a deposition
pressure of 0.30 mbar, at electrode separation of 23.5 and 35 mm. For the electrode
separation of 23.5 mm a film of about 20 nm already contains a large crystalline
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Figure 3. The thickness evolution of the crystallinity of the film for two electrode
separations (shown in legend) at a deposition pressure of 0.3 mbar.
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Table 1. Summary of the deposition conditions at which thickness series of
microcrystalline films are deposited. The thickness of the incubation layer is indicated
for the deposition on glass and for some films on Asahi U-type TCO as well. For this
number we took the thickness at which the crystalline fraction reaches 30%,
determined by interpolation.

Pressure  Electrode-substrate dist. ~ SiH4/H, flows  Incubation layer thickness

(mbar) (nm) (sccm) (nm)
on glass on TCO

0.07 35 0.7/ 70 90

0.15 35 1.0/100 15 12
0.15 29.5 1.0/100 8

0.15 25 1.0/100 10 10
0.30 35 1.5/150 43 > 40
0.30 23.5 1.5/150 11

0.64 23.5 1.0/150 11 >80
1.00 23.5 0.5/150 55 > 40
1.00 15.5 0.5/150 6.3 27.3
1.00 15.5 1.5/150 40

fraction, whereas for a 35 mm separation the film of 44 nm only contains a crystalline
fraction of 30%. It is clear that the electrode separation plays an important role in the
thickness of the incubation layer. This experiment is repeated for different pressures
and the results are summarised in table 1. It should be noted that for these thin layers
Raman spectroscopy (with an excitation wavelength of 514.5 nm) analyses the entire
film. Since the film is inhomogeneous, starting amorphous, a crystalline fraction of
30% averaged over the entire film might imply a higher crystalline fraction towards the
film surface.

As a figure of merit for the thickness of the incubation layer, we determined the
thickness at which a crystalline fraction of 30% is reached by interpolation between the
data points of the thickness series. This is shown in figure 3. We realise that this
interpolation might introduce an error, but the thickness that is obtained will give a
reasonable indication of the thickness of the incubation layer. From the results in table
1 it can be seen that also for pressures other than the 0.30 mbar shown in figure 3 the
electrode separation has a large influence on the thickness of the incubation layer. For
example, at a pressure of 1 mbar a thickness of the incubation layer of 55 nm is found
for a separation of 23.5 mm, whereas the thickness of the incubation layer is reduced to
6.5 nm when the electrode separation is decreased to 15.5 mm. It is important to note
that the optimum (i.e., giving the thinnest incubation layer) electrode separation is
different for the two different pressures discussed above. In other words, the optimum
pressure for minimising the thickness of the incubation layer depends on the reactor
geometry and is different for every deposition system. This geometry dependence also
explains the range of pressures that is reported in literature to obtain small incubation
layers. In the following we try to find a general rule that applies to the optimum
deposition pressure-electrode separation combination for any deposition system.
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3.2. Bias voltage versus electrode separation

Visual inspection of the plasma showed that the light emission is not evenly distributed
between the electrodes. Photographs taken of the plasma between the electrodes at a
range of pressures at two different electrode separations (figure 4) show that the non-
uniformity of the light emission is pressure dependent. At present we do not understand
the reason for the non light-emitting region in the middle between the electrodes at
higher pressures. At lower pressures the light emission becomes more homogeneous,
and if the pressure is lowered even further, the plasma becomes unstable and
extinguishes (e.g., 15.5 mm electrode separation, 0.50 mbar). This trend is visible at
both electrode separations.

Upper electrode (grounded substrate)

Lower electrode (powered)
0.30 0.40

Upper electrode (grounded substrate)

Lower electrode (powered)
Pressure 0.5 0.7 1.0 1.3 1.6 2.0 mbar

Figure 4. Photographs of the RF deposition plasma at a range of pressures and with an
electrode separation of (a) 35 mm and (b) 15.5 mm. The light emission is not
homogeneous and varies with pressure.

We noticed that the thinnest incubation layer was obtained as the electrode
separation was decreased to the point where the glow is homogeneous. In fact, for
these settings the plasma activity (light intensity) is the highest near the substrate. We
measured the self-bias voltage on the powered electrode as a function of electrode
separation for different pressures. The result is shown in figure 5. The measurement
points of table 1 are indicated in the graph by solid symbols and the thickness of the
incubation layer is indicated (black is thin, grey is thick, and the number gives the
thickness in nm). If the electrode separation is decreased, the absolute value of the bias
voltage decreases to a minimum at the point where the plasma becomes homogeneous.
When the electrode separation is decreased even more then the bias voltage increases
again. On the low-separation side of this minimum the light emission of the plasma
becomes unstable, and when the electrode separation is decreased somewhat more the
plasma extinguishes. However, the most important observation is that the deposition
conditions that lead to a small incubation layer are all close to this minimum in the
absolute value of the bias voltage. For higher pressures (1.0 mbar) the deposition
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Figure 5. Measurement of the bias voltage as function of the electrode separation at the
pressures that are used for the deposition of uc-Si:H films. The deposition conditions
at which a thickness series is deposited are indicated, together with the ‘incubation
layer’ thickness at which a crystalline fraction of 30% is obtained. Conditions giving
small incubation layers are indicated with black markers, others with gray markers.

conditions that have only a little larger electrode separation already show a substantial
thicker incubation layer. For lower pressures the range of electrode separations that
lead to a thin incubation layer is somewhat larger, as can be concluded from the fact
that for the pressure of 0.15 mbar the incubation layer is smaller than 15 nm for all of
the electrode separations that are examined. At a pressure of 0.07 mbar no stable
plasma could be obtained for the electrode separations in the range of 10 to 40 mm.

It has been argued in literature that crystallisation is influenced by ion
bombardment. For example, it has been reported by Kondo [16] that the crystalline
fraction in RF PECVD deposited uc-Si:H films decreases with ion energy. In order to
obtain information about the influence of ion bombardment on the thickness of the
incubation layer we measured the amplitude of the RF voltage, Vrf, on the powered
electrode together with the DC self-bias voltage of the plasma, Vpc. The plasma
potential with respect to ground, Vp, can be calculated using the relation
Vp = (Vgre + Vpc)/2. The plasma potential is plotted versus the electrode separation in
figure 6 in the same manner as for the bias voltage in figure 5. A similar trend can be
observed as in figure 5, where the self-bias voltage is plotted. Since the substrate is
grounded, the plasma potential equals the impact energy of the ions at the substrate. In
figure 7 we plotted the thickness of the incubation layer versus the plasma potential.
We do not observe a correlation between the plasma potential and the thickness of the
incubation layer. At present, we do not know what determines the thickness of the
incubation layer. To our opinion, the most likely candidates are the atomic hydrogen
flux towards the substrate and the radical composition arriving at the substrate.
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Figure 6. The plasma potential as calculated from the bias voltage and the RF
amplitude as function of the electrode separation. As in figure 5, experimentally
determined incubation layers are indicated.
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Figure 7. The incubation-layer thickness of the Figure 8. The film thickness versus the deposition
uc-Si:H film as a function of the plasma time for two electrode separations (shown in
potential. legend) at a deposition pressure of 0.3 mbar.

3.3. Induction time versus thickness of the incubation layer

In figure 8 the film thickness is shown as a function of deposition time, again for the
case of a process pressure of 0.3 mbar at the two different electrode separations of 23.5
and 35.0 mm. The variation of the growth rate (slope of the graph) is about 20%.
Furthermore, the start of the growth of the film deposited at the smaller electrode
separation (with a small incubation layer) is strongly affected by the electrode
separation. It seems that it takes some time for the deposition to start, especially for the
deposition that is carried out using an electrode separation of 23.5 mm. This time is
referred to as induction time by Rovira et al. [3] who discuss the relation with the SiH4
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dilution. By fitting a straight line through the data we can obtain values for the growth
rate and for the induction time. This has been done for all deposited thickness series. In
figure 9 we plot the induction time versus the thickness of the incubation layer. We
observe a clear correlation: the thinner the incubation layer, the longer it takes before
the growth starts after the plasma is turned on. For comparison, for the deposition of
device grade a-Si:H with RF PECVD (deposited with a different system) we find
growth delays between —200 and +50 seconds. This indicates that in order to have
nucleation either some sort of substrate modification is needed, or the first silicon
atoms that attach to the substrate are easily etched away, or the effective sticking is
slow on glass, so that the start of the growth is retarded.
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Figure 9. The delay of the start of the growth (induction time) versus the thickness of
the incubation layer. The value for the delay is obtained from the intercept with the
horizontal axis of the linear fit to the thickness series as shown in figure 4.

3.4. Application in solar cells

For solar cell technology it is more important to know the thickness of the incubation
layer of microcrystalline silicon films on TCO. For some of the deposition settings
films are deposited on Asahi U-type SnO,:F substrates simultaneously with the
depositions on glass and the crystalline fraction was determined from the Raman
spectra. The thickness of the incubation layer of the depositions on TCO is also
displayed in table 1. For the pressure of 0.15 mbar the thickness of the incubation layer
is equal to that on glass, but for higher pressures the thickness of the incubation layer
for deposition on TCO increases compared to deposition on glass. We conclude that
the electrode separations of 25, 29.5, or even 35.5 mm at a pressure of 0.15 mbar are
the most favourable of the conditions used here for the deposition of a microcrystalline
p-type layer for application in p-i-n deposited solar cells. We used a microcrystalline p-
type layer of 20 nm deposited with a electrode separation of 29.5 mm and a pressure of
0.15 mbar in an a-Si:H solar cell to compare its performance to that of a standard 12-
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Table 2. External parameters of two solar cells: one with a standard 12-nm thick a-SiC:H p-type layer,
one with a 20-nm thick uc-Si:H p-layer deposited with an electrode separation of 35 mm and at a
pressure of 0.15 mbar.

Substrate P-type layer = Ty i-layer  Voc Jsc FF  Efficiency
&S V) md) (%)
Asahi TCO a-SiC:H 200 0.84 138 0.69 8.0
Asahi TCO + ZnO a-SiC:H 200 0.83 143 0.70 83
Asahi TCO ue-Si:H 200 0.71 114 0.70 5.7
Asahi TCO + ZnO ue-Si:H 200 0.79 136 0.72 7.7
Asahi TCO + ZnO ue-Si:H 250 0.74 138 0.68 7.0
Asahi TCO + ZnO ue-Si:H 300 0.75 102 0.46 3.5

nm thick a-SiC:H p-type layer. The results are shown in table 2. The cell with the
microcrystalline p-type layer has a lower efficiency than the cell with the amorphous p-
type layer (5.7% and 8.0%, respectively). The same cells have been prepared on Asahi
TCO substrates covered with 40 nm ZnO. In the case of the amorphous p-type layer
there is no significant difference, but the performance of the cell with the
microcrystalline p-type layer is now comparable to the cell with the amorphous p-type
layer. The J-V curves of these cells are shown in figure 10. The results indicate that the
microcrystalline p-type layer is good, but does not perform well in combination with
the Asahi TCO, probably due to the reduction of the SnO,:F. Also the temperature
stability is tested. Identical solar cells are prepared on Asahi TCO substrates covered
with 40 nm ZnO, but the amorphous intrinsic layer is deposited at 250°C and 300°C.
Clearly the efficiency decreases with temperature, especially at 300°C, mainly due to a
drop in fill factor and short-circuit current density, J,, indicating that the p-type layer is
destroyed.
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Figure 10. J-V curves of solar cells with a microcrystalline p-type window layer
directly on Asahi U-type SnO,:F and on ZnO covered SnO,:F. For comparison, also a
cell with an a-SiC:H p-type layer on ZnO covered SnO,:F is shown.
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4. Conclusions

We demonstrated that the separation of the electrode and the substrate in RF PECVD
has an important influence on the thickness of the incubation layer of p-type
microcrystalline silicon, in combination with the process pressure. The minimum
thickness of the incubation layer is achieved when the electrode separation is lowered
until the plasma becomes unstable and extinguishes. This point coincides with a
minimum in the absolute value of the bias voltage. Since not many deposition set-ups
can vary the electrode separation easily, it is important to optimise the pressure to the
electrode separation. Therefore, an alternative way of achieving thin incubation layers
is to lower the pressure until the plasma becomes unstable and extinguishes. However,
for deposition on SnO,:F instead of glass, lower pressures of around 0.15 mbar are
more suitable. On TCO as well as on glass we achieved a crystalline fraction of 30% in
microcrystalline films of 10 nm thick at a pressure of 0.15 nm and an electrode
separation of 25 mm. In our deposition system, we did not obtain good results for a
pressure of 0.07 mbar. Furthermore, a small incubation layer is shown to correlate with
a slow or delayed start of the growth. Delays in excess of 10 minutes have been
observed. The microcrystalline p-type layers deposited with a thin incubation layer
have successfully been applied in p-i-n deposited solar cells that show comparable
performance to solar cells with an a-SiC p-type window layer. The microcrystalline p-
type layers do not very well resist temperatures of above 250°C.

Acknowledgements

The Department of Chemical Technology, section R&CE, of the Delft University of
Technology is acknowledged for the use of their Raman microscope. Erik Buiskool of
Akzo Nobel is acknowledged for the deposition of the ZnO. We thank Ries van de
Sande and Jo Jansen for the design and the construction of the deposition set-up
“Cascade”, and for their technical support. We also thank Arjan Driessen and Martijn
Tijssen for their technical support. Novem is acknowledged for the financial support.

References

[1] T. Roschek, J. Miiller, S. Wieder, B. Rech, H. Wagner, Proceedings of the 16"
European Photovoltaic Solar Energy Conference, Glasgow, UK (2000), VB.1.39.

[2] J.K. Rath, C.H.M. van der Werf, F.A. Rubinelli, R.E.I. Schropp, Proceedings of
the 25" IEEE Photovoltaic Specialist Conference, Washington D.C. (1996), 1101.

[3] P.L. Rovira, A.S. Ferlauto, R.J. Koval, C.R. Wronski, R.-W. Collins, G. Ganguly,
Mater. Res. Soc. Symp. Proc. 609, A19.6.1 (2000).

[4] S. Miyajima, M. Kim, M. Konagai, A. Yamada, Proceedings of the 17" European
Photovoltaic Solar Energy Conference, Munich, Germany (2001), 2861.



Chapter 5. Minimizing the incubation layer thickness of xc-Si:H films by . . . 67

[5] S.Hamma, P. Roca i Cabarrocas, Mater. Res. Soc. Symp. Proc. 507, 511 (1998).

[6] F. Finger, R. Carius, P. Hapke, L. Houben, M. Luysberg, M. Tzolov, Mater. Res.
Soc. Symp. Proc. 452, 725 (1997).

[7] G. Lihui, L. Rongming, Thin Solid Films 376, 249 (2000).

[8] T. Sasaki, S. Fujikake, Y. Ichikawa, Jpn. J. of Appl. Phys. 39, 4707 (2000).

[9] J.K. Rath, R.E.I. Schrop, Solar Energy Mater. and Solar Cells 53, 189 (1998).

[10] J-H. Zhou, K. Tkuta, T. Yasuda, T. Umeda, S. Yamasaki, K. Tanaka, J. of Non-
Cryst. Solids 227-230, 857 (1998).

[11] P. Kounavis, D. Mataras, N. Spiliopoulos, E. Mytilineou, D. Rapakoulias, J. of
Appl. Phys. 75, 1599 (1994).

[12] M. Isomura, M. Kondo, A. Matsuda, Sol. Energy Mat. and Sol. Cells 66, 375
(2001).

[13]1 D. Das, S. Chattopadhyay, A.K. Barua, R. Banerjee, J. of Appl. Phys. 78, 3193
(19995).

[14] B.A. Korevaar, C. Smit, R A.C.M.M. van Swaaij, A.HM. Smets, W.M.M.
Kessels, J.W. Metselaar, D.C. Schram, M.C.M. van de Sanden, Proceedings of the
16" European Photovoltaic Solar Energy Conference, Glasgow, UK (2000),
B119.

[15] C. Smit, R.A.C.M.M. van Swaaij, H. Donker, A.M.H.N. Petit, W.M.M. Kessels,
M.C.M. van de Sanden, J. of Appl. Phys. 94, 3582 (2003).

[16] M. Kondo, Solar Energy Mater. and Solar Cells 78), 543 (2003).



68

Chapter 5. Minimizing the incubation layer thickness of xc-Si:H films by . . .




Chapter 6

High-rate deposition of microcrystalline silicon
with an expanding thermal plasma

C. Smitl’z, A. Klaverl, B.A. Korevaarl’z, A.M.H.N. Petitz, D.L. Williamson® R
R.A.C.M.M. van Swaaij’, and M.C.M. van de Sanden'

! Eindhoven University of Technology, Department of Applied Physics, P.O. Box 513, 5600 MB
Eindhoven, the Netherlands

2 Delft University of Technology, DIMES, P.O. Box 5053, 2600 GB Delft, the Netherlands

3 Colorado School of Mines, Department of Physics, Golden, CO 80401, U. S. A.

Submitted to Thin Solid Films

Abstract

Hydrogenated microcrystalline silicon has been deposited at elevated deposition rates
using an expanding thermal plasma for the decomposition of the precursor gas silane
(SiH4). An extensive survey of the influence of the deposition parameters on the
optical, electrical, and structural material properties is carried out. X-ray diffraction
and Raman spectroscopy reveal the transition from amorphous to microcrystalline
deposition conditions. Reflection-transmission measurements are used to determine the
thickness, the refractive index, and the absorption coefficient. Scanning electron
microscopy analyses shows columnar growth and infrared absorption shows varying
oxygen content. It is demonstrated that the best material is obtained when a pure
hydrogen plasma, instead of a mixture of Ar and H,, is used and the precursor gas
(SiHy) is injected into the plasma at about 55 mm above the growing film. The best
material properties are obtained when the SiH, flow is adjusted such that the material is
near the transition of microcrystalline to amorphous silicon. For these conditions the
dark and photoconductivities are approximately 10™ S/cm and 10 S/cm, respectively.
The first attempts of the incorporation of this material in solar cells are presented. It is
concluded that the expanding thermal plasma is well suited for the deposition of
microcrystalline silicon and growth rates up to 3.7 nm/s have been obtained. However,
further optimisation of the structural and opto-electronic properties is still necessary.
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1. Introduction

For thin film silicon solar cell applications much research effort is directed towards
high-rate deposition of the intrinsic silicon film, because a higher growth rate increases
the production throughput, which in turn can decrease the production cost. Using
expanding thermal plasma chemical vapour deposition (ETP CVD) for the deposition
of hydrogenated amorphous silicon (a-Si:H) deposition rates up to 10 nm/s have been
achieved [1]. Recently, ETP CVD deposited a-Si:H films have been successfully
incorporated in solar cells at deposition rates up to 7 nm/s [1,2].

In tandem solar cells the application of hydrogenated microcrystalline silicon
(uc-Si:H) films is attractive, because the optical band gap of this material is ideally
tuned to the solar spectrum when incorporated as the intrinsic layer in the bottom cell
[3]. Furthermore, compared to a-Si:H this material hardly degrades when subjected to
prolonged illumination. However, the light absorption of this material is much lower
than that of a-Si:H. A film of about 2 pm is needed to absorb enough light, if efficient
light trapping is realized. Therefore high deposition rates are required to have
acceptable deposition times.

So far, deposition rates of about 0.1 nm/s are achieved with conventional radio-
frequent plasma enhanced chemical vapour deposition (RF PECVD). Higher rates have
been reported for special deposition conditions, for example by Roschek et al. [4], who
obtained conversion efficiencies of 8.1% and 6.6% for single junction uc-Si:H solar
cells deposited at rates of 0.5 nm/s and 1.0 nm/s, respectively. Also results have been
reported with other techniques. Feitknecht et al. [5] reported a conversion efficiency of
7.8% for a single junction uc-Si:H cell deposited at a rate of 0.74 nm/s using very high
frequency (VHF) PECVD. Rath et al. reported a conversion efficiency of 4.4% for a
single junction uc-Si:H cell deposited at a rate of 1.3 nm/s using hot-wire (HW) CVD
[6]. The most successful method for wuc-Si:H deposition at high rates is VHF high-
pressure deposition (VHF HPD) [7]. Using this deposition method an efficiency of
8.1% has been reported at a rate of 1.2 nm/s.

In this paper we use ETP CVD for the deposition of uc-Si:H. We varied the
deposition parameters and studied the influence on the material properties. The SiHy
and the Ar/H, flows are varied, covering the transition regime between amorphous and
microcrystalline material. Subsequently, with a modified plasma source we were able
to deposit uc-Si:H films using a pure hydrogen plasma for the decomposition of SiH,.
Furthermore, the position of the SiH, injection is varied and its effect on uc-Si:H is
studied. The best uc-Si:H films are incorporated in p-i-n deposited solar cells.

2. Experiment

2.1. The deposition set-up

Film depositions were carried out in the so-called “cascaded arc solar cell apparatus
Delft Eindhoven” (CASCADE) deposition set-up [8]. This set-up consists of a reactor
for the deposition of the intrinsic layers using ETP CVD and a reactor for the
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Figure 1. Schematic representation of the ETP CVD deposition set-up.

deposition of the doped layers using RF PECVD. The two chambers are connected via
a load lock chamber. The ETP reaction chamber is schematically depicted in figure 1
and the deposition technique is extensively described elsewhere [9]. In the deposition
process a plasma of a mixture of argon and hydrogen is created in the cascaded-arc
plasma source by a DC discharge current of 50 A at a pressure of 0.1 to 1.5 bar,
depending on the gas flows. This arc plasma is build up in a discharge channel between
three tungsten cathodes and an anode plate and expands into the low-pressure
(typically 0.2 to 0.5 mbar) reaction chamber. The precursor gas, silane (SiHy), is fed
into an “injection ring” with holes, which is situated in the reaction chamber and is
concentric with the plasma expansion. The most important reactive species produced in
the plasma source at these gas flows is atomic hydrogen [10]. Atomic hydrogen reacts
with SiH4 molecules forming H, and SiH;. Subsequent hydrogen abstraction reactions
of atomic hydrogen with SiH; forming SiH, and so on are possible, depending on the
process parameters [11]. The SiH,4 consumption by the plasma, i.e., the fraction of SiH,4
that is consumed, is monitored with a mass spectrometer that is mounted on the side of
the reactor at substrate level [9]. It samples the stable gases in the background of the
plasma jet.

Two different geometries for the cascaded-arc plasma source have been used.
The first one consists of six cascaded copper plates building up a discharge channel of
30 mm long with a diameter of 2.5 mm. The advantage of this source is that it can be
operated at relatively low gas flows (typically 600 sccm Ar and 200 sccm H;) and
therefore a low pump capacity is sufficient to obtain the required process pressure of
about 0.2 mbar. This source, referred to as the 2.5-mm arc, cannot be operated on
hydrogen gas only, but a minimum argon flow of twice the hydrogen flow must be
added for stable arc operation. In this research this source is always operated at an
Ar/H, flow ratio of 2:1 because for the deposition of uc-Si:H the hydrogen dilution is
important. In order to be able to operate a pure hydrogen plasma a source with a
different geometry is installed. The discharge channel is now created by four stacked
plates with holes having a diameter of 4 mm and is about 20 mm long. This source,
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referred to as the 4-mm arc, is operated typically at 1500 sccm or 2000 sccm H,. Also
Ar-H; mixtures in a 2:1 ratio like 120 sccm Ar and 600 sccm H; have been investigated
in order to compare its behaviour with the 2.5-mm arc. The substrate is positioned
41 cm below the plasma source exit. The substrate temperature is 300°C throughout
this work, unless stated otherwise.

2.2. Film analysis

The films (thickness of about 600 nm) are deposited on Corning 1737 glass and n-type
<111> crystalline silicon (c-Si) wafer simultaneously. They are analysed using
reflection-transmission spectroscopy, Raman spectroscopy (Renishaw Ramascope
system 2000, grating 1800 lines/mm, in a backscattering geometry with a 2 mW Ar
laser at a wavelength of 514.5 nm focused in a spot of about 1 pm), Fourier transform
infrared spectroscopy (FTIR, Bruker Vector II), and dark and photoconductivity
measurements. The latter was measured using an Oriel AM1.5 solar simulator. The
conductivities are measured using co-planar electrode geometry. The crystalline
fractions are obtained from the Raman spectra by the subtraction of a Raman spectrum
of an amorphous sample (Chapter 4 or Ref. 12). It should be realized that all crystalline
fractions are calculated assuming material without voids. In other words, they are not
crystalline volume fractions, but crystalline mass fractions. Some films were
additionally investigated with x-ray diffraction (XRD) (Bruker-Nonius D5005 6/6
diffractometer with diffracted beam graphite monochromator, wavelength Cu-a), some
with scanning electron microscopy (SEM, Philips XL30SFEG). For FTIR, XRD and
SEM analysis the samples deposited on ¢-Si are used. The SEM samples are cut and
the image is taken from the cutting edge (20° angle) to get a cross-sectional view.
Furthermore, a small set of samples has been analysed with small angle x-ray
scattering (SAXS) and flotation density measurements to obtain information about the
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Figure 2. Crystalline fraction of two sample series deposited using 1500 (circles) and
2000 scem (squares) of H, with the optimised injection position. The crystalline mass
fraction is calculated from the Raman signal taken from the backside of samples on
glass (open symbols) and are compared with the fractions at the front side of the
samples (closed symbols).
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porosity. For these measurements samples have been prepared of 5-um thick uc-Si:H
films on 10-pum-thick, high-purity (99.999%) Al foil.

In this work the crystalline mass fraction and the refractive index at 2 eV will be
used as a first indication for the quality of the uc-Si:H films. Concerning the crystalline
mass fraction, it should be realised that uc-Si:H films in general are not uniform
throughout the film. This is revealed by Raman analysis from the front side and from
the backside (through the glass substrate) of uc-Si:H samples (figure 2). Due to the
short penetration depth of the laser light of 514 nm that is used in the analysis only the
upper ~ 50 nm of the film is analysed. From figure 2 it can be observed that the
substrate side of the films shows a lower crystalline fraction than the upper side. This
indicates that the uc-Si:H growth exhibits an amorphous incubation layer. The Raman
analyses used in this research are taken from the front side of the samples.

Furthermore, concerning the refractive index the following should be taken into
account. Although the refractive index at 2eV is more sensitive to electronic
excitations than the infrared refractive index, the two correlate quite well, as can be
observed from figure 3. This indicates that both are well suited for the optimisation of
the material quality. Furthermore, also the photoconductivity, an important material
property when applied in electronic devices, positively correlates with the refractive
index at 2 eV (figure 4). In this research we take the refractive index at 2 eV for a first
optimisation of the deposition parameters.
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Figure 3. Measurements showing the Figure 4. Measurements showing the

correlation between the infrared refractive
index and the refractive index at 2 eV.

correlation between the photoconductivity and
the refractive index at 2 eV.

2.3. Solar cell preparation and analysis

Solar cells have been prepared in p-i-n deposition sequence on Asahi U-type
transparent conductive oxide (TCO) covered glass. These substrates are covered by 40-
nm thick ZnO layer to prevent reduction of the SnO, during the preparation of the solar
cells. Then the p, 1, and n layer are deposited followed by a back contact consisting of a
100-nm thick Ag layer and a 200-nm thick Al layer. The microcrystalline doped layers
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are deposited using RF PECVD with 100 sccm H,, 1 scem SiHy, 0.2 sccm B,Hg or
1.0 sccm PH; (2% in Hy), an electrode separation of 29.5 mm, a process pressure of
0.15 mbar, a power of 0.40 W/cm” substrate, and the thickness of the layers is 20 nm
(the optimisation of these doped layers is described in Chapter 5). The cells are square
and have a surface area of 0.1 cm®.

The external parameters of the cells are calculated from the current density
versus voltage (J-V) curve measured under AM 1.5 illumination. Furthermore, the
spectral response has been measured at varying bias voltage with a bias light applied to
the cell to simulate normal operation conditions during the analysis.

3. Results and discussion @

3.1. Varying the deposition parameters

3.1.1. 2.5-mm arc

In most PECVD techniques there is a threshold dilution R (R = H,/(H, + SiH,)) for the
deposition of uc-Si:H (e.g., [13]). A series of films has been deposited using a SiHy
flow varying from 0.5 to 40 sccm. The hydrogen gas flow and the argon flow were
kept constant at 600 sccm and 1200 sccm, respectively. The substrate temperature was
kept constant at 300°C. From figure 5 (XRD measurements) and figure 6 (Raman
spectra) it can be concluded that the samples cover the transition from a-Si:H to uc-
Si:H. Crystalline silicon (c-Si) shows up in the XRD graphs as a sharp peak at 28°, 47°,
and 56° for the crystallites that are oriented in the (111), (220), and (311) direction
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Figure 5. XRD analyses of a series of samples Figure 6. Raman spectra of the same set of
deposited using an Ar flow of 1200 sccm, a samples as in Figure 5. From these spectra it is
H2 flow of 600 sccm, and varying SiH4 flow. shown also that the transition from amorphous
The film deposited using 10 scem of SiH4 to microcrystalline silicon deposition is between

shows no crystalline fraction; decreasing the 5 and 10 sccm SiH,.
SiH4 flow results in an increasing crystal
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respectively. In the Raman spectra c-
Si reveals itself by a sharp peak at
520cm” and @-Si by a smooth
feature around 480 cm™. Clearly, for
higher SiH, flows a lower crystalline
mass fraction is obtained and the film
deposited using 10sccm SiHy is
completely amorphous.

In figure 7 the process
parameter window  has  been
extended: the hydrogen gas flow was
varied from 300 to 1400 sccm for
three different SiHy flows: 2, 5, and
10 sccm. In general, an increase of
the hydrogen flow into the plasma
source results in an increase of the
atomic hydrogen flow at the exit of
the source [9], which is used for the
decomposition of the SiH; molecules
and enhances the crystallization of
the growing film. Moreover, since
the pump speed is fixed, the pressure
in the reaction chamber increases,
which  influences the plasma
expansion. By visual inspection of a
pure Ar plasma it can be noticed that
the plasma expansion becomes
narrower when the pressure is
increased. Therefore, the deposition
is concentrated on a smaller surface
and becomes less homogeneous for
higher pressures.

The influence of the hydrogen
flow on the crystallinity, the SiH,4
depletion, the growth rate, and the
refractive index at 2 eV is examined.
In figure 7a we can see the transition
occur from amorphous to
microcrystalline material. Consistent
with the findings described above for
the SiHy series, at higher hydrogen
dilutions atomic hydrogen reaches
the growing surface and enables the
formation of crystallites. Only the
samples deposited using a SiH4 flow
of 2scem show a substantial
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Figure 7. (a) The crystalline mass fraction, (b) the
SiH, depletion, (c) the growth rate, and (d) the
refractive index as a function of the hydrogen flow.
The Ar flow is set at twice the H, flow; three
different SiH, flows are used as indicated in the
legend. The vertical lines indicate the transition
between amorphous and microcrystalline silicon,
taken at a crystalline mass fraction of 30%.
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crystalline mass fraction over the entire hydrogen flow range.

In figure 7b the depletion increases as the hydrogen flow (and with it the
available atomic hydrogen flux) increases until the point where all SiHy is dissociated
and the depletion saturates at 100%. When all SiHy is consumed, adding even more
hydrogen will not result in a higher density of depositing radicals, so at this hydrogen
flow also the growth rate saturates, at about 1, 2, and 3.5 nm/s for SiH, flows of 2, 5,
and 10 sccm, respectively (figure 7¢). To be more precise, the growth rate saturates at a
higher hydrogen flow, because the extra hydrogen that is added after the depletion
reaches almost 100% is used for hydrogen abstraction reactions with SiHj, leading to
SiH,, SiH, and Si, which have higher sticking probabilities. In that case it is the
increase of the average sticking coefficient that leads to higher growth rates, rather than
an increase in the number of depositing radicals. When most of the hydrogen is
stripped from the SiH; molecules a further increase of the H, flow will not result in
even higher growth rates.

The refractive index at 2 eV shows a minimum, as shown in figure 7d. The
refractive index decreases with hydrogen flow for the amorphous films, and even for
the wc-Si:H films that are close to the transition regime. In the microcrystalline regime
the refractive index increases again to 3.4 with increasing hydrogen flow. However, for
the highest hydrogen and argon flows we noticed by means of interferometry on a
double polished c¢-Si wafer that the plasma heated up the substrate to 450°C. This
warming up probably causes the increase in material density, responsible for the higher
refractive index. At these high gas flows the temperature is not constant and the
minimum in the curve for the refractive index is a temperature effect.

It should be noticed that there is a clear difference in behaviour of the crystalline
mass fraction for the 5 and 10 sccm SiH, flows compared to the 2 sccm flow. The
crystalline mass fraction for the two higher SiH, flows drops to zero rapidly as the
hydrogen flow is decreased to a level where most of the atomic hydrogen is consumed
(compare figs. 7a and b) in hydrogen abstraction reactions with SiH,. However, this is
not the case for the 2-sccm SiHy flow series. Apparently, even at very low H; flows, at
which the available atomic hydrogen density is not high enough to decompose all SiH,4,
there is still atomic hydrogen arriving at the substrate surface as must be concluded
from the crystalline mass fraction. This suggests that for the 2 sccm SiHy4 the reaction
rate of H with SiH, is so low that enough atomic hydrogen survives on the way from
the plasma source to the substrate to enhance the crystallization of the growing film.

3.1.2. 4-mm arc and a pure hydrogen plasma
From photoconductivity measurements and the refractive index we concluded that the
material quality obtained with the 2.5-mm arc as described above is not sufficient and
that the material is probably not dense enough. In order to increase the material density
further we carried out ETP CVD with pure hydrogen. Without argon a lower ion
density is expected in the plasma, which will influence the plasma chemistry.
Therefore, we redesigned the cascaded arc plasma source: the discharge channel
diameter was enlarged from 2.5 to 4 mm. This is necessary to be able to run the plasma
source on pure hydrogen.

A series of samples was prepared using a pure hydrogen plasma. The silane flow
was set at 10 sccm and the results are shown in figure 8. In order to be able to compare
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depositions using the 2.5-mm and the
4-mm arc we also deposited a series
of films with Ar and H, flow in a
two-to-one ratio with the 4-mm arc.
The same settings were used with the
2.5-mm arc, enabling a comparison
of the 2.5-mm and the 4-mm arc. The
results for the 2.5-mm arc are also
plotted in figure 8. Note that the
vertical axis now displays the total
gas flow instead of the hydrogen
flow. Again, the vertical dashed lines
denote the transition from amorphous
to microcrystalline silicon, taken at
30% crystallinity.

The films deposited using the
4-mm arc have higher refractive
indices, lower crystallinity, and are
deposited with a lower growth rate
than the films with the 2.5-mm arc.
However, the differences are small.
To compare the material quality for
the films deposited using pure H, gas
and the Ar-H, gas mixture in the arc
we examine the refractive index. In
figure 8 we concentrate on the film
with the highest refractive index that
is still microcrystalline. This point
can be found at the crossing of the
vertical line and the graph of the
refractive index. For the films using
the Ar-H, mixture (both 2.5-mm and
4-mm arc) the refractive index at the
amorphous-microcrystalline
transition line is about 2.8. But for
the case in which the plasma source
is fed with only hydrogen the
highest refractive index obtained for
microcrystalline material is 3.3.
However, it should be realized that
the deposition rate for the Ar-H,
mixtures is higher (about 2.5 nm/s)
than for the pure hydrogen
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Figure 8. (a) The crystalline mass fraction, (b)
growth rate, and (c) the refractive index as a
function of the total gas flow (Ar+ H,). Three
deposition series are shown with the SiH, flow set
at 10 sccm. One series is deposited using the 2.5-
mm arc and an Ar-H, plasma and is copied from
Figure 7. The next series is deposited with the 4-
mm arc, again using the same Ar-H, mixture as in
the first series. The last series is deposited using the
4-mm arc and a pure hydrogen plasma. The dashed
lines indicate the transition from amorphous to
microcrystalline silicon, taken at a crystalline mass
fraction of 30%.

deposition shown here (0.6 nm/s). For the films grown at lower rates with the 2.5-mm
arc and an Ar-H, mixture (see figure 7) the refractive index is still lower than for the
films deposited using only H; in the arc. The only films with a higher refractive index
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in figure 7 are the ones deposited
using a SiHy flow of 2 sccm, at low
Ar and H; flows. But then the growth
rate is very low (about 0.1 nm/s). It
must be concluded that a pure
hydrogen plasma results in denser
microcrystalline material than a
plasma of a Ar-H, mixture with a 2-
to-1 flow ratio at comparable growth
rates.

3.1.3. Variation of the position of SiH,
injection

Although improved by switching to a
pure hydrogen plasma, the material
density is still not high enough.
Aiming for a higher refractive index
the position at which the SiH, is
injected into the expanding plasma is
varied. Three positions have been
investigated: the original 365 mm
above the substrate, 110 mm above
the substrate and 55 mm above the
substrate. In Chapter 7 (or Ref. 14) we
extensively discuss the influence of
the SiH4 injection position on the
material properties.

In figure 9 the SiH; flow is
varied for a hydrogen flow of
2000 sccm in the plasma source, and
the crystalline mass fraction, the
growth rate, and refractive index of
the films are presented, as well as the
SiH, depletion in the plasma. As can
be noticed from figure 9a the SiH4
flow at which the transition from uc-
Si:H to a-Si:H occurs shifts to higher
SiH; flows when the injection
position is lowered. The refractive
index does not seem to depend much
on the SiH; flow. However, if we
examine the films containing an equal
crystalline mass fraction, for example
50%, then the refractive index
increases from 3.1 to 3.3 if the
injection position is decreased from
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Figure 9. (a) The crystalline mass fraction, (b)
SiH, depletion, (c¢) growth rate, and (d) the
refractive index as a function of the SiH,; flow.
The cascaded arc plasma source is fed with a H,
flow of 2000 sccm. Three different positions for
the injection of SiH, into the expanding plasma
are used. The numbers in the legend indicate the
distance of the injection ring to the substrate. The
dashed vertical lines indicate the transition
between amorphous and microcrystalline silicon,
taken at a crystalline mass fraction of 30%.
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365 mm to 55 mm above the substrate. From these results it is concluded that lowering
of the injection position improves the material density.

3.1.4. The optimum process parameters

N T T T T T T T LI—
v A 25mmarc, Ar/H2 o 4 mm arc, HZ, 365 mm |
4.0 Vv 4 mmarc, Ar/H, ¢ 4 mmarc, H,, 110 mm
O 4 mm arc, sz 55 mm

refractive index @ 2 eV

crystalline fraction

Figure 10. The refractive index at 2 eV versus the crystalline mass fraction for films
deposited using a variety of process parameters, which are indicated in the legend (arc
type, gas, distance SiH, injection point to substrate).

In figure 10 the refractive index at 2 eV is plotted versus the crystalline mass fraction
for all films deposited using the 2.5-mm arc (Ar-H, mixture) and the 4-mm arc with an
Ar-H, mixture, pure hydrogen, and pure hydrogen with the optimised injection
position. This figure summarizes concisely the result of the process variation study
described in the previous sections. The conditions with the plasma of an Ar-H, mixture
give the lowest refractive index. Slightly higher values are obtained for the pure
hydrogen plasma. The best material quality in terms of refractive index is obtained
using a pure hydrogen plasma with the SiH, is injected closer to the substrate (at
110 mm or even at 55 mm from the substrate).

Furthermore, in this figure it can be observed that the refractive index decreases
for crystalline mass fractions higher than 65%. This is particularly clear for material
deposited with the pure hydrogen plasma with optimised injection position. Klein et al.
[15] and Matsui et al. [16] also suggested a limited optimum crystalline mass fraction
for application in solar cells. The closer the deposition conditions are chosen to the
deposition regime where a-Si:H is obtained, the better the xc-Si:H material properties.

3.2. The material properties

3.2.1. Material structure
Having optimised the material on the refractive index, we want to know how dense the
material finally has become. Moreover, since we know from FTIR experiments that the
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Figure 11. FTIR spectrum of a uc-Si:H film deposited at an optimized injection
position and using 2000 sccm H, and 5 sccm SiH,.

films contain a significant amount of oxygen (figure 11), the effect on the density will
be quantified. We assume that this oxygen enters the film through pores in the material.
These pores are indeed observed in transmission electron microscope (TEM) pictures
(figure 12). The material shows a columnar structure, as can be observed in the SEM

Figure 12. TEM bright field image of a p-i-n deposited solar cell on Asahi U-type
TCO. The p and n doped uc-Si:H layers are 20 nm thick and the entire picture is about
1.2 um high. The intrinsic layer is deposited using 2000 sccm H; and 10 sccm SiH,.
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Figure 13. SEM picture of a uc-Si:H film deposited on c¢-Si wafer. Gas flows:
800 sccm Ar, 400 sccm H,, and 2 scem SiHy. The film is cut and the picture is taken
from the cutting edge at an angle of 20°.

image of figure 13. This type of structure is often observed for uc-Si:H growth with
other techniques [17]. The elongated voids are probably situated between the columns.

For a more quantitative analysis of the voids in the films, we carried out an
extended investigation of the material structure on two series of four films. The
deposition conditions cover the transition regime between amorphous and
microcrystalline silicon and a pure hydrogen plasma is used for both series. The first
series is deposited using the non-optimised SiH, injection position (at 365 mm above
the substrate) and the second series with the optimised injection position (55 mm above
the substrate). Flotation density measurements [18] and SAXS measurements [19] are
carried out, from which the void volume fraction is determined.

Table 1 summarizes the material structure of the films. The flotation-density
measurements indicate that films deposited with the optimised SiH4 injection-ring
position generally have a slightly higher mass density, indicating a lower void fraction.
Void volume fractions can be calculated from the flotation densities, the
microcrystalline fractions (f;-Raman in Table 1), and a correlation developed for the
mass density of a-Si:H as a function of bonded H contents, Cy [18]:
p=233-f, +(2.29-0.0068 - cy )1 - f,). Comparison of these values with the

experimental flotation densities yields the void fractions, f, (flot.), listed in Table 1.
These values do indicate slightly more compact materials for the optimised conditions.
The SAXS results, however, show little difference for the optimised compared to the
non-optimised injection positions, as shown in figure 14. An important single quantity
extracted from the SAXS data is the integrated intensity [19], which is a good measure
of the total inhomogeneity in each sample. The total scattering intensity is high
compared to the device quality a-Si:H film (figure 14b) and this is known to be typical
for uc-Si:H films [18]. Assuming spherical scattering objects (e.g., voids) a size
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Table 1. Experimental results on the material structure. Q is the SiH, flow, f; and f, are the crystalline
and void fractions, respectively, p is the mass density (‘flot.” indicates that this is determined by
flotation-density measurements), <D> is the average void size, n the refractive index, and L the
average crystallite size determined by applying the Scherrer formula to the (111), (220), and (311)
peak, respectively. Because a second peak was needed to fit the 220 peaks correctly for the lower
sample series, two crystallite sizes are presented.

ar Q(SiHy) fc fo p(glem® f f, <D> nat ¢y L L L rate

(sccm) XRD Raman flot. flot. SAXS (nm) 2eV (at%) (111) (220) (311) (nm/s)

Non-optimised injection
#3 10 0.58 0.57 219 0.060 0.084 76 297 31 172 64 7.0 09
#4 14 0.50 0.46 220 0.056 0.071 81 310 59 101 55 7.0 0.99
#1 16 012 0.1 217 0.069 0.052 85 322 85 66 69 72 1.09
#2 18 0.00 0.00 217 0.069 0.063 80 338 7.8 1.18
Optimised injection

#5 14 0.60 0.67 223 0.043 0.093 7.7 312 3.7 146 2546 80 0.94
#6 20 0.60 0.59 222 0.047 0076 76 330 41 123 20/47 75 1.18
#7 22 042 047 2.21 0.052 0.105 80 330 4.0 121 11/3.8 6.8 1.29
#8 28 0.00 0.00 218 0.064 0.062 78 365 7.6 1.52

distribution can be fitted to the data. The average object sizes obtained from the non-
tilted samples are shown as <D> in Table 1. The significant drop in intensity for the tilted
samples shows that oriented scattering objects that are elongated and aligned with the
growth direction are found in all samples. This is confirmed by the TEM bright-field
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Figure 14. SAXS measurement of 5-pm thick silicon films deposited using (a) 10, 14,
16, and 18 sccm SiH, (nr. 3, 4, 1, and 2, respectively) injected into the reaction
chamber at 365 mm above the substrate and (b) 14, 20, 22, and 28 sccm SiHy (nr. 5, 6,
7, and 8 respectively) injected at 55 mm above the substrate. Open symbols represent
measurements with the sample tilted 45°. The momentum transfer g = (4m/A)sinb,
where 20 is the scattering angle and A is the wavelength (0.154 nm). The unit for the
scattering intensity is electrons/atom (e/a). For comparison in (b) the SAXS signal
from a device-quality a-Si:H sample from USSC (now USOC, United Solar Ovonic
Corporation) is shown.
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image of sample #3 in figure 12. These kind of elongated, or crack-like, voids in uc-Si:H
have been reported before for other deposition techniques [20]. Because of this
anisotropic scattering a model based on ellipsoidal scattering objects is used to calculate
the void fraction, assuming all scattering intensity is due to voids. Therefore, these values
should be interpreted as an upper limit on the void fractions. Note from the table that
these SAXS values of f, are about a factor of two larger than those based on the flotation
density. Other sources of inhomogeneity that could contribute to the SAXS are the uc-
Si/a-Si:H density contrast and film surface roughness. The latter is known to be more
significant for uc-Si:H than a-Si:H, but to increase with thickness for both types of
material [21] (recall that these SAXS films were grown to 5-um thickness). For the
present films it is interesting that the fully amorphous samples (#2 and #8) show
comparable SAXS to the uc-Si:H samples suggesting that the crystallites do not
contribute strongly to the SAXS signals. Based on the complex shape of the voids seen
in figure 12, the use of the simple ellipsoidal model may be a source of discrepancy in
the void fractions determined by flotation and SAXS. Further details on the
interpretation of SAXS measurements applied to these types of materials are described
in Refs. 18 and 19.

From XRD measurements that were carried out on these samples we determined
the crystallite size, L (see Table 1). The crystalline mass fraction is determined from
these measurements using a method developed by Williamson [22]. The orientation of
the crystal planes <111>, <220>, and <311> seems to be distributed randomly among
the crystallites, as concluded from the area of the respective peaks. The particle sizes as
determined from the width of the XRD peaks using the Scherrer formula vary with the
crystal orientation. The results suggest that the crystallites grown in the (111) direction
are about 12 nm large, versus 7 nm for the (220) and (311) crystal orientation.
However, it is possible that due to some amorphous signal around the (111) scattering
peak the determination of the (111) peak width is less accurate.

The hydrogen content and the bonding configuration have been determined from
FTIR analyses on a series of samples. The hydrogen content is determined from the

8 — T T T T T 1 r r T 1T T T T 10
L O L
~ T {0.8
S r o _— o
& 6f o O G
g 0°° 1% 2
c Sr S
o —
2 -0 o 40.4 ‘g
2 ° o *° g
S 3} o 192
<
°
1 1 1 00
0 10 20 30

SiH, flow (sccm)

Figure 15. Hydrogen content and microstructure, R", for a series of samples deposited
using a plasma of 2000 sccm of H, with optimized injection position.



84 Chapter 6. High-rate deposition of uc-Si:H with an expanding thermal plasma

area of the absorption peak at 640 cm™ and the bonding configuration can be expressed
in the microstructure parameter, R~ [23], which is the ratio of the integrated absorption
of the stretching mode at 2100 cm ' to the sum of those one at 2000 cm ' and
2100 cm'. The result is shown in figure 15. When the crystalline mass fraction
increases (on decreasing SiH4 flow) the hydrogen content decreases, probably due to
the simple fact that the crystalline mass fraction does not contain (much) hydrogen.
The R’ for the samples with the highest crystalline mass fractions (lowest SiH, flows)
is almost 1, indicating that the stretching mode at 2000 cm™ is absent and most of the
hydrogen is bonded in a SiH, configuration, probably on the grain boundaries. On
decreasing the crystalline mass fraction R” decreases below 0.2, which approaches the
typical value of about 0.1 for high quality a-Si:H.

3.2.2. Electrical properties

The electrical properties are important for application of the films in electronic devices.
In figure 16(a) and (b) the dark and the photoconductivity are shown for films
deposited with an optimised injection position and with a hydrogen flow of 1500 and
2000 sccm, respectively, as a function of SiH4 flow. The photoconductivity is rather
independent (between 107 and 10 S/cm) of the SiHy4 flow, but the dark conductivity
decreases with increasing SiH4 flow to about 10710 S/cm, as should be expected for a-
Si:H. From the refractive index we know that the material becomes denser close to the
transition to amorphous material and these films have a photoconductivity of 10 S/cm
and 7x 107 S/cm and a dark conductivity of 2 x 10® S/cm and 107 S/cm for a
hydrogen flow of 1500 and 2000 sccm, respectively.
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Figure 16. Photo and dark conductivity versus SiH, flow for a H, flow of (a)
1500 scem and (b) 2000 scem. The transition from a-Si:H to wc-Si:H occurs at (a)
11 sccm and (b) 20 scem. A few sccm before that point the dark conductivity starts to
decrease.
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3.2.3. Optical properties

Light absorption spectra of uc-Si:H films are presented in figure 17. For comparison,
the absorption curves of a-Si:H and ¢-Si are also shown. The curve of ¢-Si has a clear
cut-off at 1.1 eV, the band gap of the material. For the a-Si:H film this cut-off is not so
clear due to the sub-gap absorption, but the microcrystalline films do not have a real
cutoff energy in the absorption at all. The absorption in the gap is significantly higher
compared to high quality a-Si:H indicating a high defect density in the material. The
sub-gap absorption seems to be the same for any of the presented films, having a range
of amorphous and crystalline fractions. These defects apparently are not located in the
amorphous fraction, because the sub gap absorption hardly depends on the fraction of
amorphous material in the film.
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Figure 17. Absorption curves measured with reflection-transmission spectroscopy and
dual-beam photoconductivity for a series of samples covering the transition from a-
Si:H to pc-Si:H deposited with a plasma from 1500 sccm H, with optimised injection
position. For comparison the absorption curves for ¢-Si and device quality a-Si:H are
also shown.

3.3. Comparison of uc-Si:H deposited with ETP and with other techniques

A number of researchers report on the deposition of uc-Si:H at elevated growth rates
and various techniques are explored. However, only a few articles report reasonable
solar cell performance at growth rates of 1 nm/s and higher [e.g., 5, 7] (Table 2). One
of the biggest challenges that most of the applied techniques have in common is
deposit material with a compact structure [6, 24, this work]. Attempts to achieve this
generally seem to converge to deposition conditions that are close to the uc-Si:H-to—a-
Si:H transition regime. Material deposited in this regime mostly has moderate
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Table 2. Comparison of material properties and solar cell results presented in this work with reported
results obtained with other techniques: VHF (very high frequency) PECVD, HPD (high pressure
depletion), and HW (hot wire) CVD. The properties that are compared are: the substrate temperature,
T;; the crystalline mass fraction, f;; the crystallite size, D; the dominant crystal orientation, CO; the
dark conductivity, oy; the photoconductivity, oyy; the dark-conductivity activation energy, E,; the
growth rate; the cell efficiency, 77; and the hydrogen content, cy. Note that in Ref. 6, 7, and 25 f; is
determined from the ratio of the Raman scattering signal intensity of the crystalline and the
amorphous phase, whereas for the ETP CVD material the method described in Ref. 12 is used.

Method  Ref. Js. fo D oo o on  Eaa rate g o

(°C) (%) (nm) (S/em) (S/cm) (meV) (nm/s) (%) (at.%)
66 5x107 530 1.4
VHFHPD  [25] 64 2x10” 520 1.7
VHF HPD 71 12 8.1
VHF HPD 71 65 1x107  1x10° 5.8
triode
07 78
VHF PECVD  [5] 10 69
60 26 8x10° 2x10° 530 1.4 3.1
HW CVD [6] 57 46 220 2x10° 2x10° 0.44 3.6
53 220 13 44
355 220 08 56
HW CVD S random 05 66
HW CVD [24] 185 55 10°® 10" 0.09 94
microwave [27] 200 220 1.3 4.5
ETPCVD NS o5y 74 021 19
work
This 8 6
ETP CVD work 300 59 12 random 6x10°  2x10 494 121 15 41

crystalline fractions of about 70% [6, 24, 25, 26, this work]. Often a (220) crystal
orientation is found to be favourable for high material quality [6, 26, 27].

These general trends can be observed in Table 2, in which we compare the
results obtained in this research to a selection of results reported in literature. A good
comparison is difficult, though, for several reasons. First, most articles do not contain a
complete list of all material properties. Second, the analysis of some of the properties is
not unambiguous, for example electrical conductivity is mostly measured
perpendicular to the growth direction, whereas in a solar cell the conduction parallel to
the growth direction is relevant. Moreover, the conductivity of uc-Si:H often depends
on the exposure time to air because of oxidation. Third, solar-cell efficiencies are
strongly influenced by the device layout, for example absorber film thickness and the
application of a back reflector.

3.4 Solar cells

When choosing process parameters for application in solar cells, and in devices in
general, a trade off has to be found between material quality, growth rate, and
deposition temperature. The material generally becomes better if higher substrate
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temperatures are used, but the underlying part of the device often deteriorates at higher
temperatures. Deposition parameters using high Ar flows therefore should be avoided,
because then the plasma will heat the substrate, as has been demonstrated in section
3.1.1. Furthermore, in general for higher growth rates higher deposition temperatures
are required in order to maintain the material quality.

From the study of the deposition parameters and the material properties
described above it is concluded that the best uc-Si:H for application in solar cells is
prepared with the precursor injection at 55 mm above the substrate and with the SiH,4
adjusted to be close to the transition to amorphous material. However, the SiH4 flow at
which the transition from microcrystalline deposition to a-Si:H might shift when the
substrate temperature is changed. In order to determine the deposition parameters that
should be used to be close to the transition to a-Si:H deposition, a series of layers have
been deposited using different substrate temperatures. The result is shown in figure 18a
and b: the SiH, flow at which the transition from microcrystalline to amorphous
material takes place shifts to higher flows as the substrate temperature increases.
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Figure 18. The SiH, flow at which the transition from uc-Si:H to a-Si:H occurs
depends on the substrate temperature. The samples are deposited using a plasma of (a)
1500 scem and (b) 2000 sccm H, with an optimised injection position.

Table 3. Deposition conditions and properties of films that have been incorporated in solar cells.

H, flow SiH4 flow Temp Growth rate  Crystalline  Refractive index

Film (sccm) (sccm) (°C) (nm/s) fraction at2eV
A 1500 9 250 0.21 0.71 3.41
B 1500 11 300 0.22 0.56 3.63
Cc 1500 13 350 0.23 0.57 3.79
D 2000 20 300 1.21 0.56 3.35
E 2000 22 300 ~1.3 ~0.35 ~3.4
F 2000 22 350 ~1.3 ~0.58 ~3.6
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Table 4. The external solar-cell parameters of cells with a ETP CVD pc-Si:H intrinsic
layer. The deposition conditions are presented in Table 3.

Intrinsic film  Jso (A/M?) Voo (V) FF 1 (%)

A, 1000 nm 66 0.41 0.51 1.4
A, 2000 nm 103 0.39 0.46 1.9
A, 3000 nm 63 0.42 0.32 0.8
B, 1000 nm 65 0.43 0.46 1.3
D, 1000 nm 69 0.36 0.50 1.3
D, 2270 nm 80 0.38 0.50 1.5
E, 1800 nm 79 0.40 0.34 1.1

In Table 3 the films are shown that have been incorporated in solar cells. The
cells that have been prepared are deposited in a p-i-n sequence. We started using a
deposition temperature of 250°C for the intrinsic layer. Because at these relatively low
temperatures the material quality is expected to be the limiting factor, only a low
deposition rate of about 0.2 nm/s is used. Three different intrinsic film thicknesses are
used. The results of the external solar-cell parameters (short-circuit current density, Jy.,
open-circuit voltage, V., fill factor, FF, and conversion efficiency, 7) are shown in
Table 4. When the thickness is increased the fill factor decreases, because it is more
difficult to collect the charge that is generated by the light absorption. However, if the
cell is thicker, more light is absorbed. This is demonstrated by the increase in the short-
circuit current density when the thickness is increases from 1000 to 2000 nm. When the
thickness is increased even more, the current density decreases because of insufficient
collection. At the optimum thickness of 2000 nm the efficiency is 1.86%, which is the
highest efficiency that we have obtained so far with ETP deposited uc-Si:H solar cells.
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Figure 19. J-V-curve of a solar cell with a Figure 20. Spectral response measurement of
2000 nm intrinsic film deposited with a plasma the same solar cell as in Figure 19.

of 1500 sccm H, and 9 sccm SiHg using a
substrate temperature of 250°C. The efficiency
is 1.9%.



Chapter 6. High-rate deposition of uc-Si:H with an expanding thermal plasma 89

The J-V curve of the cell is shown in figure 19. In figure 20 the spectral response of
this cell is shown for a number of bias voltages. The shape of the curve is typical for all
the solar cells that are presented here. Especially photons in the low-energy range show
a low quantum efficiency. This can partly be due to the fact that no high-reflective
back contact is used and partly because there is still oxygen in the films, so that the
charge is trapped before it is collected. Torres et al. [28] related the oxygen content in
the intrinsic layer, due to a relatively high impurity concentration in the precursor
gases, to a strongly reduced low-energy response.

Because the material properties are better if higher deposition temperatures are
used, we tried to prepare p-i-n deposited cells in which the intrinsic film is deposited at
300°C. The result is shown again in Table 4. First, a cell with the intrinsic layer
deposited at a relatively low deposition rate of 0.22 nm/s (material B) has been
prepared, giving a conversion efficiency of 1.3%, then a higher deposition rate of
1.2 nm/s (material D) has been used, giving 1.3% and 1.5% efficiency for an intrinsic
layer thickness of 1000 nm and 2270 nm respectively. For the growth rate of 1.2 nm/s a
film with a lower crystalline fraction of 0.35 (material E) has been applied in a solar
cell. The open-circuit voltage is higher, which is a known effect when the crystalline
fraction is decreased [29]. The fill factor, however, decreases. Probably, the current
conduction is not good enough at these low amounts of crystalline material in the film,
which results in an insufficient charge carrier collection. Apparently the crystalline
mass fraction is too low in this cell. It should be realized that the crystalline mass
fraction of the intrinsic film in the cells does not necessarily equal the crystalline mass
fraction in the individual film deposited on glass.

Future work should reveal whether ETP CVD of uc-Si:H deposited at rates in
excess of 1-2 nm/s can be achieved. It should be realized that the solar cells presented
here are first trials and no optimisation of film thickness or crystalline mass fraction
has been attempted. Actually, there is a lot of room for further improvement of the film
quality. For example, optimising the position of SiH, injection could improve the
material quality even more, although it is required to get a better fundamental
understanding of this effect [14]. We already observed that the solar cell efficiency
increased after we switched the H, gas purity from 4.5 to 5.6. A H, gas purifier should
be installed to reduce the oxygen contamination. It is necessary to pay more attention
to the material properties of the absorber layer in the cells, e.g., the charge carrier
diffusion lengths and defect density [30]. The preliminary solar-cell results described
in this paper, however, show that ETP CVD is a promising technique for the deposition
of uc-Si:H for solar cells at high rates, but more research is needed to address the
potential fully.

4. Conclusions

ETP CVD is used to deposit uc-Si:H films. Deposition parameters like the gas flows,
the substrate temperature, the precursor injection position, and even the plasma source
are varied to optimize the material properties for application in solar cells. A pure
hydrogen plasma is found to be advantageous for the material quality compared to a
mixture of argon and hydrogen. The injection of the precursor SiH, into the expanding
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plasma should be preferably located at about 55 mm above the substrate for the
deposition conditions used in this work. Furthermore, deposition conditions that result
in microcrystalline material close to the transition to amorphous material seem to be
favourable, in agreement with other studies.

A refractive index at 2 eV of 3.4 to 3.8 is obtained for a substrate temperature varying
from 250°C to 350°C at a growth rate of 0.2 nm/s. For an increased growth rate of
1.2 nm/s the refractive index varies from 3.3 to 3.6 for the given temperature range.
Still, the films show some porosity. The photo and the dark conductivity under
optimised conditions is about 10°S/cm and 5x 10® S/cm, respectively. These
materials are incorporated in solar cells giving conversion efficiencies of 1.9% and
1.5% at a growth rate of 0.2 nm/s and 1.2 nm/s, respectively. These preliminary results
indicate that ETP CVD is a promising technique for the deposition of xc-Si:H for solar
cells at elevated deposition rates, although further research remains necessary.
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Abstract

Expanding thermal plasma chemical vapor deposition (ETP CVD) has been used to
deposit microcrystalline silicon films. We studied the behavior of the refractive index,
crystalline fraction and growth rate as a function of the silane (SiHy) flow close to the
transition from amorphous to microcrystalline silicon. It was found that the refractive
index, a measure for film density, increases when the average sticking probability of
the depositing radicals decreases. Furthermore, we studied the influence of the position
at which SiHy is injected in the expanding plasma on the film density. It was found that
the film density becomes higher when the SiH, is injected closer to the substrate. Both
findings strongly suggest that the film density benefits from a high contribution of the
SiHj radical to the growth of microcrystalline silicon.



94 Chapter 7. The role of the sylil radical in plasma deposition of uc-Si:H

1. Introduction

Thin silicon films are widely applied in large area electronic devices like flat displays
and solar cells. Hydrogenated amorphous silicon (a-Si:H) has already been studied and
applied since 1965 [1]. Quite some knowledge has been gained about the deposition
mechanisms and the optimum plasma chemistry [2,3,4,5,6]. It is now widely agreed
that the SiHj; radical plays an important role in the deposition process of high quality a-
Si:H [4,7]. A higher surface mobility is often suggested as one of the reasons [8,9,10].
Hydrogenated microcrystalline silicon (uc-Si:H) has become popular for application in
large area electronics about ten years ago. There is still a lot of debate about the growth
mechanism and several growth mechanisms have been proposed, many of them
inspired on the successful growth model of a-Si:H [11,12,13]. It is not yet clear what
the optimum deposition plasma chemistry should look like and which radicals
contribute favorably to the growth of high quality uc-Si:H.

The industry standard for the production of thin silicon films is radio-frequent
plasma enhanced chemical vapor deposition (RF PECVD), but other techniques have
been developed, mainly with the aim to increase the growth rate. Very high frequency
(VHF) PECVD [14], hot wire (HW) CVD [15,16], and electron cyclotron resonance
(ECR) PECVD [17] are some of the alternative techniques investigated. In this paper
uc-Si:H films have been prepared using expanding thermal plasma (ETP) CVD [18].
ETP CVD is a remote plasma deposition technique in which the plasma generation
takes place in a relatively high-pressure chamber (the cascaded arc plasma source),
separate from the plasma chemistry that takes place when the precursor is injected in
the low-pressure process chamber. This simplifies the chemistry to such an extent that
ETP CVD is a suitable plasma deposition technique for the investigation of the
influence of the plasma chemistry on the film deposition. This has been demonstrated
in particular for ETP CVD of a-Si:H [6], a-C:H [19], and a-SiO,C,H, [20].

The deposition of thin silicon films with RF/VHF PECVD, HW CVD, and ETP
CVD all rely on the decomposition of the precursor gas silane (SiH,) into radicals and
ions that eventually stick to the substrate surface where film growth occurs. The
decomposition mechanism of SiHy is totally different for the three deposition
techniques mentioned. In RE/VHF PECVD electrons gain kinetic energy driven by the
alternating electric field that is applied between two parallel electrodes and the SiHy
molecules are dissociated by electron impact [21] In HW CVD the SiH, molecules are
dissociated by a catalytic reaction at hot tungsten or tantalum wires. In ETP CVD, a
beam of atomic hydrogen is created that interacts with the SiH4 molecules injected
downstream. In this way hydrogen abstraction reactions dominate the dissociation of
SiH4 and it depends on the surplus of hydrogen and the path length to the substrate to
what extent subsequent abstraction reactions are capable of creating the various silane
radicals [5]:

SiH4 + H — SiH; + H, (1)
SiH; + H — SiH, + H, )
Sle +H — SiH + H, (3)

SiH +H — Si + H, @)
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The reaction rates of these reactions can be found in Refs. 22 and 23. Note that we
neglect radical-radical as well as radical-silane reactions because we only consider here
high dilution conditions to deposit uc-Si:H. Furthermore, radical-H, reactions are
neglected since the reaction rate is very small. Since the H,-dilution is high, reactions
involving ions can be neglected too (< 10" m™) [24].

It has been demonstrated that for the deposition of high-quality a-Si:H it is
required that the flux of SiHj radicals towards the substrate dominates the deposition.
In the deposition of high quality a-Si:H with ETP CVD this is realized as follows. The
SiH, flow is set at a higher value than the flow of atomic hydrogen from the plasma
source. The atomic hydrogen created in the cascaded arc plasma source is totally
consumed by the first hydrogen abstraction reaction Eq. (1) with the relatively high
density of SiH, [5,25]. Under these conditions subsequent reactions of SiH; with
atomic hydrogen are suppressed and a dominant SiH; beam is generated. The latter is
confirmed by means of cavity ring down spectroscopy (CRDS) and Threshold
Ionization Mass Spectrometry measurements [25].

It is generally accepted that for the deposition of uc-Si:H atomic hydrogen is
essential at the surface of the growing film to enhance crystallization [3, 26, 27].
Therefore, commonly the gas flows are adjusted to a high (1-5%) dilution of the SiH,4
in H,, irrespective of the deposition technology. In RF PECVD the high energy
electrons also dissociate H,. In HW CVD H; is catalytically dissociated at the tungsten
or tantalum wire. In ETP CVD increasing the H, flow in the cascaded arc plasma
source results in a higher atomic hydrogen flow into the reaction chamber and a
simultaneous decrease in SiH4 flow leads to a lower consumption of H by SiH,4. Both
effects result in a higher H flux at the surface of the growing film. As a consequence of
the high atomic hydrogen density in the reaction chamber the depletion of SiHy is very
high and can even reach 100% [18]. Furthermore, subsequent hydrogen abstraction
reactions will take place, creating SiH, with x < 3. This is clearly illustrated by CRDS
measurements by Hamers et al., in which the SiH, flow is varied for constant Ar and
H; flow [28].

In general, uc-Si:H, especially when deposited at higher deposition rates and at
lower temperatures, is porous to some extent, decreasing the applicability in solar cells.
This characteristic we have discussed in another article [29] and in Chapter 6. In
principle, apart from crystallite size, there will be no difference in the quality of the
crystalline silicon phase in microcrystalline silicon. It is the amorphous phase between
the crystallites that contains the pores and has a varying defect density. This suggests
that the quality of uc-Si:H can be improved when SiHj; radicals dominate the
deposition of microcrystalline silicon, because the amorphous phase between the
crystallites will be of better quality, similar to the case of entirely hydrogenated
amorphous silicon films. Figure 1, in which we plotted the uc-Si:H refractive index at a
photon energy of 2 eV versus the SiH4 depletion for various arc and reactor chamber
settings, corroborates more or less this hypothesis. If the SiH, depletion is close to
100%, the reaction chain Eq. 1 to Eq. 4 goes to full completion leading to a distribution
of high sticking radicals, and this is accompanied by a low refractive index.

In this paper we will discuss two additional observations to figure 1, which were
obtained during the systematic variation of the process conditions to achieve better
quality uc-Si:H (see Chapter 6 or reference 29). This discussion might give a leading
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Figure 1. The refractive index at 2 eV versus the SiH4 depletion for various arc and
process parameter settings. The legend indicates the type of plasma source, the applied
gas mixture in the plasma source, and the distance of the SiH4 injection to the substrate
(see section Experimental set-up and procedures). Only the films with a crystalline
fraction of 0.4 and higher are selected.

principle in obtaining even better quality uc-Si:H in the near future. The first
observation is related to the behavior of the refractive index, crystalline fraction and
growth rate as a function of the SiHy flow, in particular close to the a-Si:H/uc-Si:H
transition. The other observation discussed is related to the effect of varying SiH4
injection ring position on the quality of the uc-Si:H.

We first describe the ETP-CVD set up and the film diagnostics employed.
Subsequently the results are presented and discussed. As we will argue, the
implications of the observations strongly suggest the beneficial role of the SiH; radical
in the deposition of uc-Si:H. Finally the conclusions are presented.

2. Experimental set-up and procedures

The CASCADE set-up is designed to prepare thin film silicon solar cells in which the
absorber layer is deposited using ETP CVD [30]. It consists of a load lock, a RF
PECVD chamber for the deposition of the doped layers, and a reaction chamber for the
deposition of silicon films with ETP CVD. In figure 2 a schematic representation is
shown of the ETP part of the CASCADE set-up. This deposition technique has been
extensively described elsewhere [31]; below we will give a brief summary and give the
relevant process parameters that are varied.

On top of the ETP reaction chamber is the cascaded arc plasma source. This
source generates a plasma between three cathodes and an anode plate at a DC discharge
current of 50 A at a pressure of about 0.1 bar. Two different geometries for the
cascaded-arc plasma source have been employed. The first one consists of six copper
cascade plates building up a discharge channel of 30 mm long with a diameter of
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Figure 2. The ETP CVD chamber of the CASCADE set-up. On top is the cascaded arc
plasma source, which can be fed with different gases. In this case H, or an Ar/H,
mixture is used (100-300 mbar). The plasma expands into the reaction chamber
(~ 0.2 mbar) and downstream the precursor gas SiH, is injected. The silicon film is
deposited on the substrate, which is on a temperature-controlled holder. A shutter is
used in order to start the deposition at stable plasma conditions. On the side of the
reaction chamber, below the substrate, the pump line is situated. A valve on the other
side of the chamber opens the way to the load lock and the RF PECVD chamber.

2.5 mm. The advantage of this source is that it can be operated at relatively low gas
flows (typically 600 sccm Ar and 200 sccm H;) and therefore a low pump capacity is
sufficient to obtain the required process pressure of about 0.2 mbar. This source,
referred to as the 2.5-mm arc, cannot be operated on hydrogen gas only, but a
minimum argon flow of twice the hydrogen flow must be added. In this research this
source is always operated at an argon-hydrogen flow ratio of 2:1 because for the
deposition of microcrystalline silicon the hydrogen dilution is important. In order to be
able to operate a pure hydrogen plasma a source with a different geometry is installed.
The discharge channel is now created by four copper cascade plates with holes having
a diameter of 4 mm forming a central channel about 20 mm long. This source, referred
to as the 4-mm arc, is operated at 2000 sccm H,. The substrate is positioned 410 mm
below the plasma source exit. The substrate temperature is 300°C throughout this work,
unless stated otherwise.

After leaving the nozzle of the cascaded arc the plasma expands supersonically
into the reaction chamber, which is at a pressure of about 0.25 mbar. The expanding
plasma shocks when it collides with the background gas after which it flows towards
the substrate with a velocity that gradually decreases to about 100 to 200 m/s right
above the substrate. The precursor gas, SiHy, is injected into the expanding plasma
through a ring-shaped (80 mm diameter) gas line, which is concentric with the reaction
chamber, with holes (1 mm diameter) pointing to the axis of the reaction chamber. The
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atomic hydrogen in the plasma
dissociates the SiH; molecules into
radicals [5], which deposit at the
substrate at 410 mm below the plasma
source exit. The consumption of the
SiH, by the hydrogen plasma is
measured with a mass spectrometer
that is mounted on the side of the
reactor at the substrate level.

Using the 2.5-mm arc fed with
1200 scem Ar and 600 sccm H, a
series of samples has been prepared
with varying SiH4 flow in order to
investigate the behavior of the
refractive index, crystalline fraction
and growth rate close to the a-
Si:H/uc-Si:H transition. A second
series of samples has been prepared
using the 4-mm arc fed with
2000 sccm of H, to investigate the
influence of the position of the
injection ring. Three injection ring
positions have been employed,
365 mm, 110 mm, and 55 mm above
the substrate (for brevity referred to as
high, middle, and low injection ring
position), and for any of these
positions the SiH, flow is varied from
5 to 25sccm. The same deposition
series is repeated using a hydrogen
gas flow of 1500sccm and the
injection ring at the high and the low
position. The layers are simulta-
neously deposited on Corning 1737
glass substrates and n-type crystalline
Si wafers. Care was taken to have the
thickness of all films in the range of
650 to 750nm. The films are
analyzed using  reflection-trans-
mission spectroscopy to determine the
thickness and the refractive index at a
photon energy of 2eV. Raman
spectroscopy was used to determine
the crystalline fraction in the
microcrystalline films as described
previously (Chapter 4, reference 32).
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Figure 3. (a) The crystalline fraction, (b) SiH,4
depletion, (c) growth rate, and the (d) refractive
index at 2 eV as a function of SiH4 flow. The Ar
and the H, flows are set at 1200 and 600 sccm,
respectively. The vertical dashed line indicates the
transition between amorphous and microcrystalline
silicon.
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3. Results and discussion

3.1. SiH, variation

In most PECVD techniques there is a threshold dilution R (R = H,/(H,+SiH,)) for the
deposition of uc-Si:H (e.g., reference 33). In figure 3 the results of the film series
deposited using the 2.5-mm arc are shown. From the crystalline fraction in figure 3a
the transition region between amorphous and microcrystalline material can be
determined at a SiH4 flow somewhere in between 5 and 10 sccm, as is indicated by the
dashed vertical line. In figure 3b the depletion is shown as a function of SiH4 flow. For
small SiHy4 flows (< 3 sccm) the depletion is almost 100%, because there is a surplus of
H available in the plasma to dissociate all the injected SiH4 (H; dissociation degrees of
0.3% [34] and 4% [Chapter 3 or reference 35] have been reported for a Ar/H; ratio of
6/1 and for a pure H, plasma, respectively. For an H, flow of 600 sccm this
corresponds to an H flow of about 1.8 sccm and 24 scecm, respectively. The H flow in
this case with an Ar/H, ratio of 2 is expected to be in between these two flows). When
the SiH4 flow increases the depletion decreases because gradually there is not enough
H to decompose all SiH,. In figure 3¢ the deposition rate is shown as a function of SiHy
flow. As the SiH4 flow increases the growth rate increases because more depositing
radicals are created. Note that there seem to be two distinct slopes in the graph: a steep
slope for the data points with low SiH4 flow (< 3 sccm) and a less steep slope for the
higher flows.

The observation of the different slopes might be interpreted as follows. First, it
could be argued that this is due to varying mass density of the films, which is suggested
by the varying refractive indices in figure 3d. To exclude this, the mass density of the
films is calculated using the infrared refractive index, the hydrogen content and the
crystalline fractions [36]. From the mass density, the thickness and deposition time the
growth flux can be estimated. Furthermore, the SiH4 flow multiplied by the depletion
(figure 3b) will give the rate at which radicals (SiH, with 0 < x <4, we neglect the
production of higher radicals Si,H,, with n> 1) are produced and that is eventually
deposited. These two quantities are plotted in figure 4. The slope of the line through the
data points in this graph indicates the number of Si atoms incorporated in the film per
created SiH, radical (0 < x <4). This means that the slope is proportional to an
effective, or averaged, sticking probability. In figure 5 we calculated the ratio of the
growth flux and the radical production rate as a function of the SiH, flow. The values
plotted in figure 5 are proportional to the sticking probability. It is clear that the
sticking probability is much higher for low SiH, flows than for high SiH, flows. This is
due to the fact that for low SiHg flows follow-up hydrogen abstraction reactions
creating SiH, with 0 < x<3 are more likely and these radicals have sticking
probabilities which are close to 1 [10, 37]. The values given in figure 5 do not directly
correspond with the averaged sticking probability on the substrate. Material is also
deposited on the walls of the reactor, although probably at lower rates than at the
substrate. Therefore the effective deposition area is larger than the substrate size of
100 cm? that is used in the calculation of the growth flux. However, this geometrical
factor will be constant as long as only the SiHy flow is varied since the plasma
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Figure 4. The growth flux, calculated from  Figure 5. The growth flux divided by the radical

the growth rate and the mass density of the production rate is proportional to the sticking
film, as the number of particles that is probability. Therefore a decrease can be observed
deposited on the 100-cm” substrate in a for increasing SiH, flow because at higher SiHy4
second, versus the total rate of radicals that flows less high sticking radicals are produced. On
are produced from the SiHy in the reaction the right axis the scale is normalized to set the
chamber, which is equal to the product of sticking coefficient for low SiH, flows to 1.

the depletion and the SiH, flow. The slope
of the graph is related to the sticking
coefficient. Only a geometrical factor is
missing, because deposition also takes place
on the reactor walls.

expansion properties, and with it the spatial distribution of the radicals in the reaction
chamber, remain unaltered.

We can go a step further by making an additional assumption for low SiH4 flow.
Under these conditions we assume that the SiH, is entirely stripped of all hydrogen,
i.e., the deposition is dominated by the silicon radical, which has a measured sticking
coefficient of 1 [10,37]. Since we find values of about 0.4/100 em’® in figure 5, a
scaling factor of 2.5 should be introduced that corrects for the effective, growth-rate
weighed, deposition area. This scaling factor is introduced on the right-hand axis of
figure 5. Consequently, for the highest SiH, flows a sticking coefficient is found of
2.5 x 0.136 = 0.34. For comparison, the surface reaction probability of SiHj is reported
to be 0.28 [38] and 0.30 [37]. Probably, for these high SiH, flows SiHj radicals
contribute significantly to the deposition although the contribution of other radicals is
not yet fully minimized.

What are the implications of this observation? The refractive index in figure 3d
shows a typical value of about 4 for good quality a-Si:H at a SiH4 flow of 40 sccm at a
growth rate of 4 nm/s. But when the SiH, flow decreases the refractive index also
decreases, indicating that the material becomes porous. This also holds for the
microcrystalline films. At a SiH, flow of 5 scem (close to the transition to a-Si:H) the
refractive index is 2.8 (figure 3d). At this SiH, flow the average sticking coefficient is
0.6 (figure 5). At the lowest SiH, flows the refractive index is 2.7, and the average
sticking coefficient is almost 1. This correlation between average sticking coefficient
and refractive index strongly suggests that SiH; plays a role in the improvement of the
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properties of the a-Si:H tissue in
between the crystalline material.
However, keeping both the dilution
high (and thus a high H-flux to the
substrate to obtain uc-Si:H films) and
simultaneously the SiH; flux high
relative to other silane radicals (and
thus improve the quality of the a-Si:H
fraction in uc-Si:H) is a requirement
that is hard to fulfill because SiH3 and
H react which each other.

3.2. Ring position variation

How can we obtain a substantial
contribution of SiH; radicals to the
deposition of the film while having
simultaneously a high flux of atomic
hydrogen to the substrate? This can be
achieved by decreasing the interaction
time of the injected SiH, with the
expanding hydrogen plasma. In this
case only one hydrogen abstraction
reaction can take place before SiHj is
deposited at the substrate surface. With
ETP CVD, this can be realized by
injecting the SiH, into the expanding
plasma close to the substrate (here we
take 55 mm above the substrate). On
injection, the SiH4 molecules will be
dragged along with the plasma at a
velocity of 100-200 m/s. The atomic
hydrogen density is in the range of
10"°-10%° m™. It can be estimated based
on reaction rates for reactions (1)-(4)
reported in literature that only a small
fraction of the SiHj radicals created in
reaction (1) will react with atomic
hydrogen (reactions (2)-(4)) to form
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Figure 6. (a) The crystalline fraction, (b) the SiH, depletion, (c) the growth rate, and (d) the
refractive index at 2 eV as a function of the SiH, flow during deposition. The plasma source
is fed with 2000 sccm of H,. Three different injection ring positions are used and in the
legend the distance above the substrate is indicated. The vertical dashed lines indicate the
transition from microcrystalline to amorphous material (at 30% crystalline fraction), the left-
hand one is for the highest and the right-hand one for the lowest injection ring position.
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SiH, with 0 < x < 3 before they reach the substrate surface.

In figure 6 the crystalline fraction, the SiH4 depletion in the plasma, the growth
rate, and the refractive index are shown for varying SiHs flow and for different
injection ring positions. As can be seen from figure 6a the SiHy flow at which the
transition from uc-Si:H to a-Si:H occurs shifts to higher SiH, flows for lower injection
position. This is a first indication that the plasma chemistry is influenced as the
injection position is changed, resulting in a different film deposition mechanism. On
the other hand the refractive index does not seem to depend much on the SiH, flow.
However, if we look at the films containing an equal crystalline fraction, for example
50%, then the refractive index increases from 3.1 to 3.4 if the injection position is
decreased from 365 mm to 55 mm above the substrate (figure 6d). This implies that
lowering of the SiH, injection position improves the material properties of the uc-Si:H
deposited under these conditions. Similar trends are observed for a hydrogen flow of
1500 sccm and a varying injection ring position. The improvement of the uc-Si:H
properties is also reflected in the opto-electronic properties: for the lowest injection
ring position a photo-response of 50 at a light conductivity of 10 S/cm is obtained,
whereas for the high injection ring position the photo- and dark conductivity are almost
equal at about 107 S/cm [29].

These observations imply that the composition of the particle flux that arrives at
the substrate surface depends on the injection position. To obtain more insight in the
nature of the influence of the injection position on the mix of reactive species arriving
at the substrate we describe the deposition plasma with a simple plug down model [39,
40]. In this model we apply a number of simplifications for the sake of clarity.
Therefore the absolute values that result from the subsequent calculations might not be
entirely correct, but the trends will provide a good illustration of the effect of the SiHy
injection position. We consider a parallel beam of atomic hydrogen having a uniform
density of 10*° m™ (valid for a hydrogen flow of about 2000 sccm) flowing towards the
substrate with a velocity of v =200 m/s. The heavy particle temperature in the plasma
beam at substrate level is set at 600 K. These values are obtained from two-photon
absorption laser induced fluorescence [41] and electron-beam induced fluorescence
[35] measurements and mass spectrometry [42] carried out on comparable plasmas.
The gray column between the plasma source and the substrate in figure 7 represents
this beam. In reality, the beam expands, resulting in a decreasing atomic hydrogen
density going from plasma source to substrate [34]. We approximate the SiH, injection
(with flow Q =5 scem) through the eight holes in the injection ring by a homogeneous
injection in a plane with an area A4 = 64 cm” parallel to the substrate surface, indicated
by the white arrow. Since there is no signature of the eight injection holes in the
thickness variation of the deposited films, the injection can indeed be assumed to be
uniform. This is explained by the fact that the thermal velocity (about 500 m/s) is
higher than the drift velocity of the plasma expansion. The vertical position of the
injection plane is allowed to vary. We assume that the SiH4 molecules instantaneously
pick up the drift velocity of the plasma towards the substrate. Furthermore we assume
that the atomic hydrogen density is higher than the SiH, density, so we can neglect the
atomic hydrogen consumption and keep the density constant. The SiH, depletion
depends only slightly on the SiH, flow (see figure 6b), which justifies this assumption.
Furthermore, if the atomic hydrogen density decreases due to reactions with SiH,, the
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Figure 7. Schematic of the model used for calculations. From the plasma source (1)
atomic hydrogen flows to the substrate (5). The SiH, is injected (white arrow)
homogeneously in a plane (4) and reacts with the atomic hydrogen on the way
towards the substrate. Deviations from the simple model are also indicated. The
hydrogen plasma expands, therefore atomic hydrogen will also flow to the side of the
reactor (3) where it reacts with the SiH, that did not deposit on the substrate and was
not pumped (6), but re-circulates into the reactor (7). The reaction products can enter
the plasma expansion (8) and find their way to the substrate again.

reaction rates of reactions (1)-(4) will not change relative to each other and the
qualitative results of the model calculations are still valid.

In order to calculate the radical densities SiH, the following set of differential
equations has to be solved:

anSiHH

154

= kannSin - kx—lanSiHH , (%)

in which # is the density in m” (ngg =0 forx <0andx > 4), v the drift velocity, and

z the distance from the injection ring towards the substrate. The following boundary
condition should be satisfied:

ON,
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V,vA ©

g, (z=0)=

in which Q is the SiH; mass flow (=5sccm), N, is Avogadro’s constant
(6.022 x 10* mol™), and V,, is the volume per mol