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Chapter 1

Introduction

1.1  Renewable energy: a response to climate
change

In 2001 the United Nations’ Intergovernmental Panel on Climate Change (IPCC)
confirmed in their assessment report that the Earth climate is changing as a result of
human activities, particularly from fossil energy use, and that further change is
inevitable [1]. In the past 200 years, a 31% increase in carbon dioxide (CO») air levels
was observed, as well as a global mean surface temperature rise of 0.5°C, with an even
stronger increase in night temperature, and a global sea-level increase of 10 to 15 cm.
Unusual climatic events, such as EI-Nifio or cyclones in central America and Japan, are
becoming more frequent and more intense. Fauna and flora, adapting to these climate
changes, are shifting towards the poles and to elevated areas [2]. These are only few
examples of the impact of climate change. As greenhouse gases (GHG) emissions
involve time lags, changes resulting from these emissions will continue for many years
after the maximum emission peak has been reached. In other words, the level of
stabilization of atmospheric concentrations of CO, depends on when this peak is
reached: the sooner our current dependence on fossil fuels decreases, the lower the end
level of CO, reached and the less the impact it has on our planet.

The possible human effect on global climate change was in fact already recognized
by the international community in 1997 and it led to a legally binding agreement, the
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Kyoto protocol [3], which came into force in February 2005. The objective of the
Kyoto agreements was to reduce wortldwide emissions (among which CO,) of
developed countries in the period of 2008-2012 by at least 5% with respect to 1990 [4].
A way to implement this agreement and to reduce the GHG emissions is to shift from
fossil fuel-based energy to renewable energy. The transition from conventional energy
to renewable energy would permit to tackle five importance issues:

- to limit the man-induced climate change due to fossil-fuel utilization,

- to have an alternative to the finite fossil fuel supply,

- to diminish dependence on energy import,

- to give access to clean energy to everyone,

- to create global business opportunities for renewable energy and related
industry, with a high employment potential.

What are renewable energies? This terminology describes diverse energy sources,
which range from biomass from forestry and agricultural residues to wind and solar
energy, and including hydro- and geothermal-power. Nuclear energy is not a renewable
energy source, although electricity generation from uranium fission leads to no direct
GHG emission. The question of radioactive waste, safety and reliability of the plants
remains controversial.

In order to stabilize the level of the atmospheric CO, to an acceptable level, a
collective as well as an individual effort has to be made. Large reductions in GHG
emissions can be achieved in sectors such as construction, transport, industry,
agriculture and waste management. The stimulation of research and development of
renewable energy systems is crucial and several government policies already support
the market development by subsidizing ‘green projects’ (like the 100.000 Solar Roofs
programme in Germany since January 1999 [5], or the building integrated PV programs
in Japan [6] and Australia [7]). The industry commitment in investing in research and
bringing the results to production is necessary to make progtess in the development
and spreading of renewable energy. Finally, everyone in our society plays a role and
small steps, such as recycling to produce less waste, use smaller or more energy
efficient cars, or get more expensive but green electricity, help to pollute less and pass
on a cleaner world to future generations.

1.2 Solar energy: the hydrogenated amorphous
silicon case

Solar energy

The sun is an inexhaustible enetgy source and each year the earth receives more
than 2000 times the actual human energy consumption of the planet. However,
photovoltaics, i.e. electricity generated from the sun’s radiation, accounts only for
0.01% of this global energy demand. These numbers show that solar energy could
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become a major energy source in the future. Moreover, the combination of increasing
energy demand, decline of conventional energy resources (e.g., oil and gas) and
environmental consciousness raising, have led to increase the general interest in
renewable energy sources and in particular in solar energy. However up to now,
although extensive research has been carried out and tremendous improvement in
conversion efficiency has been achieved, solar electricity production is still too
expensive compared to conventional electricity production due to the costs related to
solar-module fabrication. Solar panels are not only successful in space applications
(satellites), but also in stand-alone applications, like portable consumer electronics,
water-pumping facilities in rural areas and local electricity production in developing
countries, where no grid connection is available. Ways to reduce the production costs
are either to increase the efficiency of the systems or to increase the production
capacity, so to reduce the production time of the solar panels. In that view, amorphous
silicon (a-Si:H) solar cells are promising and various deposition techniques are being
developed to obtain larger growth rates for the fabrication of the active part of thin-
film photovoltaic devices. There are often technological difficulties linked to these
methods, such as up-scaling or aging of set-up components. However, with expanding
thermal plasma chemical vapor deposition (ETP-CVD), high deposition rates can be
achieved and large-area applications have already been realized as for instance for
deposition of silicon carbide coatings.

The solar spectrum

A solar cell converts the radiation from the sun, blackbody of 6000 K, into electric
energy. The solar spectrum, as measured at the earth surface, is shown in figure 1.1.
The sun’s radiation spectrum peaks in the visible region (~ 400 to 800 nm). Various
geometrical factors, such as the tilt of the earth rotational axis, its orbital motion
around the sun or the sunlight incident angle, affect the light intensity on the earth
surface. Moreover, the atmosphere alters the sun radiation by absorbing and reflecting
selected wavelengths. The solar spectrum that strikes the earth surface at the equator
atnoon at the equinox is called AM1.0 (air mass 1.0), but most of the time and for most
locations on the globe, sunlight actually passes through more than one air mass before
reaching the earth surface. Therefore solar cells are generally characterized with a
normalized spectrum, called AM 1.5 radiation, of 1000 W/ m?2 or 1 sun irradiance. The
light passes the atmosphere under an angle such that its path is 1.5 times the minimum
distance (sun at zenith) [8]. In amorphous silicon, which has a band gap (or forbidden
gap) of about 1.75 eV, only wavelengths shorter than 710 nm will be absorbed.
Therefore only patt of the solar spectrum can be used for conversion into electricity.
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Figure 1.1: Standard terrestrial solar spectrum (AM 1.5, 1000 W/ m?). The dot
vertical lines indicate the visible spectrum [9].

Hydrogenated amorphous silicon properties

A-Si:H is mainly characterized by the lack of long-range order. There is, however,
still some sort of short-range order, i.e. most silicon atoms have four neighbours in a
(nearly) diamond-like structure (see figure 1.2). As a result of the short-range order, a-
Si:H has an energy band structure similar to that of monocrystalline silicon (c-Si) and
the common semiconductor concept of conduction and valence bands can be used.
The absence of long-range order, however, means that the edges of these bands are
not well defined and have tails that extent into the band gap. Physically, these band tails
represent energy levels of strained silicon-silicon bonds, resulting from bond-angle
and/or bond-length distributions. In addition to the band tails there is a quasi-
continuum of states throughout the band tails related to broken bonds, usually referred
to as dangling bonds. These dangling bonds can capture charge carriers and can
seriously limit the conductivity of the material. Fortunately most of these dangling
bonds are passivated by hydrogen that is incorporated during the deposition process
and the dangling bond density is reduced from about 10 em™ in pure a-Si
(amorphous silicon that contains no hydrogen) to 10'% em™. However, the tail states
and the dangling bonds have a large effect on the electronic properties of a-Si:H, in
particular the carrier diffusion length. Another important property of a-Si:H is its direct
band gap. As a result the absorption is about 50 to 100 times higher than that of c-Si,
which has an indirect band gap.
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Figure 1.2: Schematic illustration of the atomic structure of crystalline (a) and
amorphous (b) silicon.

Degradation and stability of a-Si:H

The creation of metastable defects is inherent to a-Si:H when the material is
exposed to illumination. This is believed to originate from the breaking of weak or
strained Si-Si bonds and is known as the Staebler-Wronski effect (SWE) [10]. Although
the mechanism is not yet fully understood, the recombination of excess carriers as well
as hydrogen seem to play a role in bond breaking and thus creation of additional
dangling bonds. The newly created mid-gap states act as charge trapping and
recombination centres and lead to the degradation of the material properties. The SWE
is undesirable for solar cells, because these metastable defects will trap photo-
generated charge carriers. As a result of this trapping process, a space charge region
develops and the internal electric field is distorted, leading to a lower collection
efficiency and thus to a lower solar cell performance. The conversion efficiency will
eventually stabilise, at a lower value than initial. This degradation process is reversible
by thermally annealing the cell at temperatures above 150°C.

Solar cell operation principle

Solar cell operation is based on the photovoltaic effect, which consists of three
steps: the absorption of light (photons) that generate electron-hole pairs in the
semiconductor material, the separation of the free charge carriers (electrons and holes)
and finally the collection of these charge carriers. Typically, one absorbed photon leads
to the generation of one electron-hole pair. The collection of the electrons and holes
results in a current generation through the semiconductor device.
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Figure 1.3: Schematic of an a-Si:H solar cell in superstrate configuration (p-i-n). The
substrate used is Corning glass covered with a transparent conductive oxide (SnO,:F).
The internal electric field and the movement of the electrons and holes in the device
are indicated.

A crystalline silicon solar cell consists of a p- and an n-type layer that form a p-n
junction. In this case electrons are generated in the 100 to 300 pm thick and electrically
neutral p-layer and diffuse towards the junction. In the depletion region near the
junction the electrons drift to the n-layer under the influence of an internal electric
tield. Such a solar cell is called a diffusion device as the carriers reach the junction by
diffusion.

An a-Si:H solar cell consists of three layers: a p-type layer, an intrinsic (undoped)
layer and an n-type layer. In this case, electron-hole pairs are generated in the intrinsic
layer and immediately separated by the internal electric field created by the doped
layers. An a-Si:H solar cell is therefore called a drift device. In principle an a-Si:H solar
cell can be made of an n-type layer on top of a p-type layer. However, the diffusion
length of minority carriers (i.e., electrons in p-type material) is too low for practical
operation. On the other hand, an a-Si:H solar cell can be much thinner than a ¢-Si cell,
about 0.5 pm compared to 300 pm. This is due to the direct band gap of this material.
An a-Si:H solar cell can be deposited in two ways: in the p-i-n sequence (in a superstrate
configuration) or in n-i-p sequence (in a substrate configuration). A schematic drawing
of the p-i-n cell is presented in figure 1.3. The substrate the most used for p-i-n devices
is glass covered with a textured transparent conductive oxide (TCO). However, flexible
substrates, such as plastic foils, can be used as well, depending on the process
temperatures needed during the cell production. This is a major advantage of thin film
technology as it opens new production modes (roll-to-roll instead of batch processing)
and new application potentials for solar cells (for non-planar support). For n-i-p cells,
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it is more usual to use either glass or plain stainless steel as substrate, with as front
oxide an indium tin oxide (ITO) layer . In both cases, the cell will be illuminated from
the p-side. As the mobility and lifetime of holes is shorter than that of electrons, it is
indeed better to generate the electron-hole pairs closer to the hole-collecting electrode
(p-side). Then the electrons have to travel the longest path to be collected on the
n-side of the device.

The choice of a-Si:H single junction solar cells

At this time, the commercially available solar systems are, for more than 90%, from
the so-called first generation technology, meaning silicon wafer-based (single or multi
crystalline silicon) [11]. However, the second-generation technology, the thin film
approach, is projected to have an important impact on the market in the coming
decade [11]. In this technology, a thin layer of photovoltaic active material is deposited
on an inexpensive substrate. In the perspective of future large-scale energy application,
the choice of hydrogenated amorphous silicon (a-Si:H) as semiconductor material for
solar cell applications is motivated by several reasons: silicon is abundantly available, it
is not toxic and it is inexpensive as pure Si can be obtained from the microelectronics
industry ‘waste’. We mention three other main thin-film technologies that are
developed commercially: copper-indium-diselenide (CIS), cadmium-telluride (CdTe)
and organic dyes combined with nano-crystalline titanium dioxide. However, they all
bring issues concerning either the raw material supply or public health and safety.

Since the discovery of a p-n junction silicon photovoltaic device, reported in 1954
by Chapin ez al. [12], the first amorphous silicon layer deposited by Chittick ¢z a/. in 1969
[13], followed by the discovery of doping possibility of a-Si:H films, reported in 1975
by Spear ez al. [14], intensive research has been carried out on silicon material and
devices. Silicon is available in many forms, from single crystal to multicrystalline wafers
ot in ribbon for the non-thin films, and from amorphous to polycrystalline passing by
microcrystalline silicon for the thin films. It is not the purpose here to make an
extended overview of all these materials, so we will limit ourselves to mention some
advantages and disadvantages of a-Si:H technology compared to mono-crystalline
silicon technology. To start with, a-Si:H technology is associated with far less CO,
emission than c-Si [15] because less invested energy is necessary to produce 1 Wp
(Watt peak). Further a smaller amount of silicon is needed for a given power rate in
comparison with c-Si. On the other hand, due to their higher efficiency, c-Si modules
require smaller installed area for a given out-put power. The maximum conversion
efficiency obtained so far for c-Si solar cells is 24.7% (against a theoretical maximum
of 30%) [16] and that of an a-Si:H, in single junction p-i-n configuration, is 9.47%
(against 24.3% in theory depending on the intrinsic layer band gap) [17]. Therefore
there is plenty of room for further improvement of this technique. Another minus
point related to a-Si:H is the production cost of the transparent conductive oxide
(TCO) needed as electrode, the decrease of electrical transport properties upon
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illumination and the low deposition rate of a-Si:H. In this thesis, we will concentrate
on this last point and explore a fabrication technique, the expanding thermal plasma
chemical vapor deposition technique (ETP-CVD), that leads to deposition rates at
least five times higher than with conventional radio-frequency plasma enhanced CVD.

1.3 Goal and outline of this thesis

The aim of the research described in this thesis was to investigate the possibilities
to grow hydrogenated amorphous silicon (a-Si:H) by expanding thermal plasma
chemical vapor deposition (ETP-CVD) at high deposition rates (> 10 A/s) for
application in thin-film solar cells. Starting from the results obtained by Korevaar [18],
the research efforts were aimed at exploring the correlation between plasma chemistry,
material properties and solar cell performance.

The thesis is divided into three sections. The first section deals with the expanding
thermal plasma deposition technique. In chapter 2, the deposition set-up is described,
as well as the sample preparation and the analysis techniques used to characterize single
layers and solar cells. Chapter 3 presents a study on the reproducibility of material
deposited with ETP-CVD.

The second section relates to high rate deposition of a-Si:H by the ETP-CVD
technique. The material properties are closely related to the plasma chemistry. In
particular, the presence of large silicon-related species, such as cluster ions and
polysilanes, can be detrimental for the opto-electronic properties of the material. Two
routes are considered to reduce the influence of the ion clusters from the plasma and
to improve the material properties. The first one, presented in chapter 4, relates to
quenching the ion density by introducing additional hydrogen directly in the reactor
chamber through the nozzle. Further in this chapter the role of hydrogen bonding in
the structural properties of a-Si:H is discussed. The second examined route,
investigated in chapter 5, is the application of an external rf bias on the substrate during
ETP deposition. The aim is here to generate ion bombardment and therefore as one
of the consequences, to increase the surface mobility of the large silicon-related
species. The properties of a-Si:H deposited with rf-biased ETP-CVD versus bias
voltage generated on the substrate are presented, as well as a correlation between rf
bias and substrate temperature. Different processes occurring under ion bombardment
are also discussed.

The third and last section concerns single junction solar cells with an ETP a-Si:H
intrinsic layer. So far the deposition of high quality a-Si:H at high growth rates required
elevated substrate temperatures. In the course of solar cell fabrication, this particulat
point can be an issue for underlying layers, most of all for the heat-sensitive p-layer. In
that view, temperature-resistant microcrystalline p-layers are studied as window-layer
of p-i-n junctions. This subject is developed in chapter 6. Another approach to the
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problem is to reconsider the cell structure. Chapter 7 concerns the investigation of a
buffer layer at the p-i interface, taking also into account that a defect-rich layer may be
grown first when depositing the intrinsic layer. A reduction of substrate temperature
for i-layer deposition, while maintaining the electro-optical properties of this layer, is
achieved by employing an external rf bias on the substrate. The impact of ion
bombardment on the solar-cell performance, as well as the implication of an annealing
treatment, is studied. In these conditions, a record conversion efficiency is obtained for
a single junction a-Si:H solar cell with as i-layer a high-rate ETP-CVD thin film. Finally,
a-Si:H is known to be subject to degradation upon light exposure, although the opto-
electric properties stabilize after a certain time and can be restored after an annealing
step. In chapter 8 a short overview of the Staebler-Wronski effect on a-Si:H is given.
The degradation behavior of ETP layers deposited under various conditions and that
of solar cells with such a layer incorporated as i-layer is investigated.

Chapter 9 summarizes the main conclusions of this thesis and gives suggestions for
future research.
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Chapter 2

ETP deposition technique, samples
preparation and analysis

In this chapter, the experimental methods and settings used throughout this thesis
are presented. In the first section, a description of the CASCADE set-up and the
principle of expanding thermal plasma chemical vapour deposition (ETP-CVD) are
given. Section 2.2 describes the analytical techniques used to characterize hydro-
genated amorphous silicon (a-Si:H) layers, while section 2.3 aims at the presentation of
the device characterization techniques.

21 ETP-CVD

The ETP-CVD technique was originally developed by the group Equilibrium and
Transport in Plasmas of the Eindhoven University of Technology (TU/¢) in order to
make depositions at high rates and to study the plasma chemistry [1]. It has been
demonstrated that this deposition technique is suitable for the deposition of
amorphous silicon nitride [2], amorphous carbon [3] and a-Si:H at high rates [4]. In
particular, it appeared that the material properties of the a-Si:H layers deposited using
ETP-CVD at high deposition rates (=1nm/s) were sufficiently good for
implementation in thin-film solar cells. Therefore, a three-chamber deposition set-up
was built in a co-operation between the solar-cell group of DIMES and TU/e. Using
this deposition set-up called CASCADE (Cascaded Arc Solar Cell Apparatus Delft

11
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Eindhoven), the feasibility of utilizing ETP-CVD for the fabrication of the intrinsic
part of a-Si:H solar cells was investigated.

2.1.1  CASCADE deposition set-up and ETP deposition principle

The CASCADE deposition set-up consists of three vacuum chambers: an ETP-
CVD chamber for the growth of the intrinsic layers, a radio-frequency plasma-
enhanced CVD (tf PE-CVD) chamber for the deposition of doped layers and a load-
lock chamber for sample (un)loading and transport between the two deposition
chambers under vacuum. The ETP reaction chamber is schematically depicted in
tigure 2.1. The set-up has been extensively described eatlier [5,6] and therefore only a
short presentation will be given here.

carrier gas
Ar/H,
v

cascaded arc

SiH, injection «—
4 1nJ plasma source

|——>oo

g reactor chamber —» load-lock for sample transfer
(also to rf PE-CVD chamber)

shutter 5
>
—== @ =

roots/turbo
pump substrate
holder

C?'\\ 13.56 MHz rf
power supply

Figure 2.1: Picture and schematic of an expanding thermal plasma of pure argon at relative
large pressure (~0.5 bar).

The two main parts of the ETP set-up are the high-pressure plasma source, the so-
called cascaded arc, and the low-pressure deposition chamber (see figure 2.1). In ETP-
CVD, the creation of the plasma, the transport, and the deposition occur sepatately in
different parts of the set-up, which makes this technique a remote plasma technique.
The dc thermal arc plasma source consists of six copper plates with a 2.5-mm diameter
orifice in the centre, forming a channel for the arc discharge (see figure 2.2). The plates
are water-cooled and are electrically isolated from each other by boron-nitride discs
and O-rings. The plasma is created between three cathodes positioned symmetrically
at the top of the arc and the grounded anode copper plate at the bottom of the arc.
Non-depositing gases, such as argon and hydrogen, are used to create the plasma and
the current, usually 40 A, controls the discharge. The power dissipated in the arc is
typically within 5 and 8 kW. The plasma emanates from the high-pressure cascaded arc
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(~ 0.5 bar) through a conical nozzle and expands into the deposition chamber, which
is at a pressure of typically 0.2 mbar. Due to the large pressure difference between the
arc and the chamber, the plasma is accelerated leading to a supersonic expansion. At a
few centimetres from the arc outlet there is a stationary shock, after which the plasma
expands sub-sonically. The reactive ionic and atomic species emanating from the arc,
such as Ar" and H, typically have a velocity after the shock of 1000 m/s, decreasing to
zero at the stagnation point.

gas inlet
, cathode (x3)
cascaded
plates
7077 0 anose

hozzle
plasma channel

Figure 2.2: Schematic drawing of the cascaded arc, plasma source of the ETP set-up.

Next to hydrogen injection through the arc, H, can be also introduced directly into
the reactor through the nozzle, where no power is coupled into the plasma. The
precursor gas, silane, is injected through a ring located at 4.5 cm from the cascaded arc
outlet (Fig. 2.1) and the distance from the source to the temperature-controlled
substrate holder (ranging from 100°C to 500°C) is 43 cm. The reactor chamber has a
diameter of 33 cm. During processing the system is pumped by a stack of roots
blowers, whereas otherwise it is pumped by a turbo pump reaching a base pressure of
~ 10 mbar.

To induce ion bombardment during film growth, an rf-bias is applied on the
substrate in addition to the ETP by means of a 13.56 MHz tf power supply. A
matching network is used to match the impedance. The output of this matching
network is connected to the substrate holder by the means of a copper strip. The
ground of the matching box is coupled to the grounded reactor walls. A ceramic
cylinder isolates the substrate holder from the rest of the reactor. Two sets of power
supply and matching network were used to generate the rf signal. The first one, a
Coaxial Power Systems, model RFE100, was used for the power range 4 to 15 W, while
for powers ranging from 15 up to 60 W, either a Kenwood TS 440S HF transceiver,
or a RFPP type RE5S. They were all used in combination with an I-type matching
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network. We will refer to the former by Generator 1, while the later will be called
Generator II.

The doped layers are grown in the second chamber, a conventional rf PE-CVD
reaction chamber. A turbo pump permits to reach a base pressure of ~ 107 mbar. The
plasma is generated between two parallel electrode plates. The top electrode is
grounded and serves as a temperature-controlled substrate holder, while the bottom
electrode (13 cm in diameter) is connected to the RF generator via a matching network.
In this way it is avoided that dust particles fall on the substrate after the plasma is
turned off. Substrates of 10 cm x 10 cm can be mounted on the substrate holder. The
distance between the two plates can be varied up to 27 mm.

Finally, a load-lock chamber connects the ETP and rf chambers. Substrates are
loaded in the load-lock chamber, which is then pumped down to a pressure of 5 x
10" mbar before transport of these substrates to one of the deposition chambers. In
that way, contamination of the deposition chambers due to atmosphere exposure
(moist, oxygen) is avoided and the depositions can be catried out more rapidly as
processing pressure is quickly reached. The load-lock chamber is also used as transport
chamber between the ETP and the rf reactors, avoiding vacuum breaks between the
deposition of the various layers of a solar cell. A more detailed description of the load-
lock chamber can be found in reference 6.

2.1.2  External tf biasing on substrate during ETP-CVD
Potential profile

In plasma CVD techniques, the ions present in the plasma are accelerated by the
difference between the plasma potential in the plasma bulk and the floating potential
on the substrate. As ETP-CVD is a remote plasma technique, this potential difference
is quite small (low electron temperature in the plasma, typically 0.1-0.3 eV, so low self-
bias during deposition < 2 V) and therefore the ion energy is limited to 2 eV. To
increase this ion energy, a negative bias can be applied to the substrate (in contrast to
rf PE-CVD, where external substrate rf-biasing is usually used to reduce the ion
bombardment [7-9]). In this way the mean energy of the bombarding ions can be
controlled independently from gas phase reactions.

Originally employed for etching purposes [10-14], ion bombardment was also used
in silicon deposition and ion-beam silicon epitaxy [15]. The control of the ion energy
is crucial in order to balance the beneficial effects of ion bombardment from the
undesirable ones. Rabalais ez a/. [16] showed that there is an optimal ion-energy window
for silicon epitaxial growth depending on the substrate temperature.

In order to understand the influence of rf bias during ETP-CVD, the potential
profile on the substrate holder has to be determined. The substrate holder can be
considered as a large planar probe immersed in the plasma and its potential changes
depending on the plasma conditions. During ETP-CVD, the substrate holder

14



ETP DEPOSITION TECHNIQUE, SAMPLES PREPARATION AND ANALYSIS

potential, 17, equals the floating potential, 1”5 and the ions are accelerated when
crossing the sheath thanks to the following potential difference:

%4

sub

v, =1, -1, =L 1n£ﬁj M)
‘ 2e m,

with 4p the Boltzmann constant, T, the electron temperature and #; and 7, the
mass of the ions and electrons, respectively. Note that this equation implies that the
electron and ion temperatures are equal.

When an rf voltage is applied to the substrate in combination with ETP-CVD, the
substrate potential consists then of two parts: a dc voltage, 17, and an ac voltage with
amplitude 17 rand frequency o:

V., (£) =V, + 1/, sin ot o)

Due to the much smaller mass and much higher mobility of the electrons compared
to those of the ions, the average velocity of electrons is much greater than the average
velocity of the ions and the electrons respond much faster to the rf signal than the ions.
The electrons and the positive ions are in turn attracted and repelled by the substrate.
As the net electrical current on the substrate holder, /, must equal zero and the
collecting area being the same, the ion and the electron fluxes, J;, and ], respectively,
are balanced and thus we obtain:

J, Jar=0 = [[Jar=[ 1. ©

with here | =], + ], =+nv,, ++nv, exp[—¢(1/, =17 (¢))/£T.] [17] and
1V (t)=V,+V,sinor.

n, is the electron density and v, and Vv, are respectively the ion and the electron
thermal velocity close to the substrate.

The time needed to collect the positive ion current is much longer than the time
needed to collect the negative electron current (see figure 2.3). Therefore, due to this
difference in velocity between the electrons and ions in the plasma, combined with the
larger effective area of the grounded electrode (i.e., walls of the reactor) compared to
the area of the ‘powered’ electrode (substrate holder), a negative potential, [, is built
up on the holder with respect to the plasma potential. Coburn e a/ showed for
modulated tf discharge sputtering that the reactor geometry plays an important role in
the resulting plasma potential [18]. Confining the discharge by increasing the substrate-
to-wall area ratio increases the plasma potential and the energy of the positive ions
incident on the substrate.
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Figure 2.3: ETP potential profile on the substrate holder as a function of time when an
external rf bias is applied.

When a plasma is ignited in the reactor, a dark region can be noticed around the
substrate holder, called space-charge sheath or dark-plasma sheath. The sheath is
divided into two regions: the positive space charge region, where the plasma potential
drops rapidly to the substrate potential, and the quasi-neutral transition region at the
plasma-sheath boundary (figure 2.4). The electron density drops close to the substrate
holder and, as a consequence, the excitation of neutral particles drops as well. As the
decay of excited particles is responsible for light generation, this explains the reduced
light emission in this region and therefore the name dark-space region. The typical
thickness of the space-charge sheath at the substrate holder ranges between 1 and
3 mm for an Ar-H,-SiH, plasma. Figure 2.5 shows the extra plasma that is generated
in the region beyond the sheath when an external rf bias is applied to the substrate for
an Ar-H,-SiH, plasma. Whitfield ez 2/ also reported the presence of a secondary glow
close to the substrate during microwave CVD when the substrate was biased [19].
Although they suggested that this glow is generated by secondary electrons arising
from ion bombardment of the substrate, we think that the generation of secondary
electrons in our case is limited to a few %, as the ions do not possess a very high energy
(E;,, << 250 eV). We explain it as follows: the electron density increases mainly by
electron heating when they pick up energy from the electric field while crossing the
sheath.
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Figure 2.4: Plasma sheath developed close Figure 2.5: Secondaty plasma around
to the substrate holder. 17 is the plasma substrate holder for plasma obtained
potential, I, the floating potential and 17, with an Ar-H,-SiH, gas mixture and an
is the substrate potential. external tf bias additional to ETP-CVD.

If the mean free path of the ions is larger than the sheath thickness, we can consider
that the sheath is collisionless for the ions. Therefore the ions will gain an energy, E;,,,
equal to the difference between the plasma potential, V},, and the substrate potential,
o In our case, knowing that 17, — 17 is very small (< 2 V) and assuming that the
ions respond to the time-average substrate potential, the mean ion energy becomes:

E, =e(V,-1,,)x—V, *
For each deposition condition and rf power applied, the mean ion current density,
Jion can be defined as a function of the rf power and dc voltage on the substrate, with
A the current collecting area. Under the assumption of no electron heating (all the
power is used for biasing) and no plasma generation, the expression for the average
power then becomes:

(P) = %IOTIth - %LT(JW +J)A(V, 4V, sinor ) dr

Py v 11 sinords
T ]mﬂ de f1]€ o

with Az = (T - fl) << 1/® , the second part of the right-hand side of the expression
can be neglected and one can derive:

(P)=],, AV, or, P, =], AV,. )

ion
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With an rf bias applied on the substrate holder, the electron temperature increases,
thus more ions are generated close to the substrate and the ion current density, [,
increases as well. The ion current density now becomes:

T
] ion = eﬂe - (6)

m

In the case of a pure Ar plasma, the dc bias, 17, increases linearly with increasing
rf power, P ; which means that the total rf power is used to accelerate the ions to the
substrate (see figure 2.6). J,, is independent from 17,

In case of a plasma consisting of a mixture of Ar, H, and SiHy, the electron density
in the plasma drops considerably, from ~ 10! down to ~ 101" m™ [20]. The addition
of an external rf bias on the substrate leads to an efficient heating of the electrons and
a cascaded reaction occurs: the electrons lose their energy by ionizing SiH, and H close
to the substrate, increasing the electron flux that leads to more ionization. A secondary
plasma is thus generated due to the relaxation of the excited species. In the case of pure
Ar plasma, the electron density was too high to be influenced by ionization and no
secondary plasma was observed. When H, and SiH, are added to Ar in the plasma, [,
is no longer linear with the rf power, [, , depends on 7, and an extra plasma appears
around the substrate holder. Part of the rf power is used to generate the secondary
plasma and therefore not all energy is gained by the ions. This extra plasma is not
desired as it changes the plasma conditions and it reduces the bias voltage. For
instance, for an Ar-Hy-SiHy plasma, a |17, of 39 V is obtained when 20 W are
applied to the substrate holder and the calculated | 17,,| for the same conditions but
with no secondary plasma generated equals 71 V (see figure 2.6).
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Figure 2.6: Bias voltage 17, versus tf power for a pure Ar and an Ar-H,-SiH, plasma.
The dot line indicates the linear theoretical bias voltage that would be obtained if no
secondary plasma was generated in the vicinity of the substrate in the Ar-H,-SiHy
plasma.
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To increase the ion energy and thus the ion bombardment, it is then necessary to
apply a higher power to the substrate than if no extra plasma was generated.
Nevertheless, for a particular input power and bias voltage, equation (5) is still valid
and the ion current density can be calculated. The energy arriving on the substrate
surface per deposited atom, Ep is obtained from 17, the ion flux, I';,, and the Si
growth flux, I'g; (Si at.cm‘z.s‘l):

E persi |20 / Ly, ™)

The amount of energy that is released at the surface is important in order to
understand the effect of ion bombardment in the a-Si:H growth process. It is also
important to know the ion-energy distribution. The ion-energy distribution around the
average ion-energy, ¢| 7|, exhibits a series of peaks as shown by Wild e a/ [21] in
radio-frequency glow discharges and their position and intensity strongly depend on
process parameters such as self-bias voltage and pressure. The presence of these peaks
means that for one set of deposition conditions, high-energy ions can also be present
in the plasma. These ions have detrimental effects on the film formation, such as atom
displacement or even sputtering.

erSp

Influence of substrate material

With the ETP technique, depositions are performed with a floating substrate and
the ions emanating from the arc arrive on the substrate with very little energy (< 2 eV,
corresponds to the difference between the plasma potential and the floating potential
on the substrate [4]). In that case the electrical character of the sample (insulating or
conducting) hardly influences the deposition conditions. With the new substrate
holder configuration, it is now possible to apply an external rf bias on the substrate to
initiate ion bombardment. An rf bias is used rather than a dc bias to avoid
accumulation of charge on the substrate surface when an insulating substrate is used
or an insulating layer grown. With a dc bias, the surface potential of the insulating
sample will differ from the applied voltage in time and finally approach the plasma
potential. No acceleration of ions is then possible and the ion energy is not controlled.
Therefore it is important to use an rf bias to accelerate ions and electrons in turn, so
that no charge is accumulated on the surface.

If an insulating substrate is used, a capacitor is created between the plasma and the
substrate holder. This leads to a potential drop across the substrate and if the substrate
is too thick, part of the bias potential will not be generated between the top of the
substrate and the plasma. The ions will then undergo a lower acceleration and they will
not have the expected energy, which is measured on the substrate holder itself from
IV ;- The capacitance per unit area of a glass substrate is calculated to be 7.3 x 108
F.m™2. Considering an ion current density of 2.5 A.m? (the surface area of the current
collection is estimated around 0.14 m?) and given the frequency of the tf bias of
13.56 MHz, we can estimate a potential drop of 1 to 3 V over the Corning 1737 glass
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substrate (thickness of 0.7 mm and relative permittivity of 5.7), for the power range
used. For the conditions used in this study, the measured bias voltage, |17,,|, on the
substrate holder has a value between 14 and 50 V. This means that only a small
potential drop occurs over the insulating substrate compared to the potential drop
across the sheath, and that still 90% of the bias potential of the substrate holder is
obtained on the upper surface of the substrate to accelerate the ions from the plasma.
A thinner substrate or an rf power at higher frequency can be used to reduce this
potential drop even further.

The c-Si substrate can be considered as conductor, as it has a low specific resistance
of 10 to 30 Q.cm and we can consider that the potential drop occurting on the silicon
sample is negligible. Therefore it is possible to use both glass and c-Si substrates when
applying rf substrate biasing.

Influence of generator

In figure 2.7, the dc bias voltage measured with two different combinations of rf
generator / matching network box is shown versus the tf power. Generator I was used
to carry out experiments at low Py (< 20 W), while generator 11 was used at higher
power, namely from 15 up to 60 W.
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Figure 2.7: Bias voltage 17, versus rf power for an Ar-H,-SiH, plasma, for two
different generators and matching power networks.

We can see that an off-set in 17, is obtained for the same input power into the
matching network depending on the generator used and the two curves do not overlap.
Some power is indeed dissipated in the set-up when generator II is used, because the
generator cage could not be propetly grounded or shielded. For this reason we think
that the bias voltage 17, measured on the substrate is a more representative value of
the extra energy applied to the substrate surface than the input rf power. Therefore, in

20



ETP DEPOSITION TECHNIQUE, SAMPLES PREPARATION AND ANALYSIS

the results part, the data are plotted against the dc bias appearing on the substrate
holder instead of the actual rf power.

2.2 Material characterization

2.2.1  Sample preparation

The thin films are simultaneously deposited on Corning 1737 glass substrates for
optical and electric characterizations and on n-type crystalline silicon wafers for
structural characterization. Both substrate types are cleaned prior to deposition
following the same procedure: at least 10 min cleaning in an ultrasonic acetone bath to
remove all fat substances and particles, followed by 10 min in an ultrasonic
isopropanol (IPA) bath to rinse the substrates, and finally drying using a nitrogen flow
to avoid that any traces of alcohol remain on the sample.

For the electric property measurements of the samples, 300-nm thick aluminium
coplanar electrodes are evaporated on the surface of the a-Si:H films deposited on
glass. The two rectangular shaped electrodes are 0.5 mm distant. For conductivity
measurements, 20-mm long electrodes are used and for dual-beam conductivity
measurements, shorter electrodes of 4 mm long are used.

2.2.2  Reflection-transmission spectroscopy (RT)

The purpose of the reflection-transmission measurement is to determine the
thickness of the thin films as well as the optical parameters of a-Si:H layers, such as the
refractive index, #(hv), the absorption coefficient, (1), and the optical band gap, E,.

We used a home-built reflection-transmission spectrometer, which consists of a
50 W halogen lamp as light source, a Spex 1680 B monochromator for wavelength
selection, filters for suppression of the monochromator higher-order light and
reduction of stray light and a beam splitter placed in front of the sample. The light
enters the film from the glass side. The reflected light (R) and the transmitted light (T)
are detected by two silicon photo-diodes, type K1713-03 Hamamatsu, and the
absorption is defined as 1 —R —T. A calibration cycle on a bare Corning 1737
substrate, of which the wavelength-dependent refractive index is known, is carried out
ptior to measutrement. The film thickness is calculated from the interference fringes in
the reflection-transmission spectrum. From the spectral absorption of the layers in the
energy range hv=1.1 to 3.0eV (ie, wavelength range ~ 1130 to 420 nm), the
refractive index and the absorption coefficient can be extracted [22]. In this thesis, the
refractive index at 1.96 eV, #,,1, will be used as an indication for the film density.

The optical band gap, E,, is defined as the energy difference between the extended
states of the valence and conduction bands, using the following expression:

(anhv)l/wq”) =c(hv—E,) (8)
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where ¢is a constant and p and ¢ are parameters related to the shape of the band edges.
Equation (8) is valid for the spectrum part where a depends lineatly on the photon
energy. Tauc assumes that the extended states have a parabolic shape (p = g = V2) [23],
whereas Klazes assumes a linear shape of the band edges (p = ¢ = 1) [24]. The optical
gap obtained according to Klazes is also called the cubic gap. The E 4 band gap, the
energy at which « reaches 10%* em’!, is also used in literature as band gap. Although it
is based on an arbitrary criterion, it has the advantage of being independent of the
band-edge shape. Typical values for a-Si:H band gap are Erp,,=1.78¢V,
ERlazes = 1.60 eV and Egy = 1.90 eV.

2.2.3 Dual Beam Photoconductivity (DBP)

For the measurement of very low absorptions, the sensitivity of RT spectroscopy
is not sufficient. These low absorptions are generally found for sub band gap photon
energies. Therefore, we have measured the sub band gap absorption by dual-beam
photoconductivity (DBP). With this measurement technique, the photoconductivity of
a-Si:H is measured as a function of photon energy, which is proportional to the density
of states distribution in the mobility gap.

The RT set-up described in the previous section was modified for DBP
measurements. The light from the halogen lamp is chopped (13 Hz). The
monochromator is used to select the photon energy in the range from 0.7 to 2.1 eV. A
red bias light illuminates the film and generates a constant photocurrent. In this way,
the recombination in the layer is fixed and the sensitivity of the method is increased.
The monochromatic light generates additional carriers and this leads to a small
perturbation of the conductivity. Using glass fibers the bias light and the
monochromatic light are directed between two coplanar aluminium contacts on the
sample surface. On these contacts a constant voltage is applied and the generated
current is measured.

As DBP gives relative values for a(bV), the DBP spectrum has to be calibrated to
the absolute value of a(hV) obtained from RT. The two measurements overlap in the
range from 1.7 to 1.9 eV (around the optical band gap). A typical absorption
coefficient spectrum is shown in figure 2.8.

Two parameters are used as a measure for the disorder: the Urbach energy, E;, and
the defect density at mid-gap, N, Ep;is the inverse of the slope of the exponential part
of the absorption spectrum and is referred to as the Urbach energy and is derived from
the relation:

a(hv) = a,e " " ©)

with ¢ and E; constants. The energy range in which the absorption varies
exponentially represents transitions between extended and localized states in a-Si:H.
As the valence band tail is much broader than the conduction band tail, the Urbach
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energy is believed to be a characteristic energy for this tail. Device-quality a-Si:H has a
typical E; value of 45-50 meV.
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From RT 3

—

Absorption coefficient (cm'1)
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Figure 2.8: Typical absorption spectrum of a-Si:H from RT and DBP measurements.

The integration of a(hV) over the photon energy range 0.8 to 1.26 eV (absorption
which originates from presumably dangling bonds) is proportional to the defect
density in the mid-gap, N4

N, = A, " a(h)dhv (10)

with A a constant found by Jackson [25], .4 =7.9 X 10 evlem™. The integration
range could be slightly extended to higher and lower energies after subtraction of the
tail states absorption, but as the difference results in an error smaller than a factor two,
the absorption outside the range [0.8-1.26] is neglected.

2.2.4  Activation energy and dark conductivity

The dark conductivity is proportional to the product of the mobility and the
concentration of free charge carriers in the material at thermal equilibrium, as given by
equation (11):

oy =q(mn+m,p) (11)
wherte q is the clementary charge, 4, and 4, are the electron and hole mobilities and n
and p the free electron and hole concentrations, respectively.

To measure the dark conductivity, we use a Temptronic Thermo-Chuck system in
combination with a Keithley 617 electrometer. The measurements are carried out on
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the glass samples by applying a voltage (usually 10 V) to the coplanar Al electrodes and
by measuring the current. o, is then obtained using the relation:
1 d

R iL
with R the resistance of the layer (7= Rl), d the gap between the two coplanar
electrodes (4= 0.5 mm), L the length of the electrodes (I =20 mm) and 7 the
thickness of the layer. After a step at 130°C for 30 min to remove the impurities from
the surface and anneal the Al contacts, the sample is cooled down to 60°C by steps of
5°C. op is measured at each step duting this cooling down, after stabilization of the
temperature.

The activation energy of the dark conductivity, E_, is derived from the temperature

dependence of the dark conductivity, according to equation (13):

(12)

Op

0 (1) =, expl ) (13)

with £ the Boltzmann’s constant and T the temperature. The dark conductivity at room
temperature is obtained by extrapolation of the measured curve to 25°C. The
activation energy, I, is a measure of the energy difference between the Fermi level and
the mobility band edge of the majority carriers. In the case of n-type material, E, =
—(Eg— E(); for p-type materials, B, = —(E — Ep), with Eg the Fermi level and E~
and E - the conduction and valence band edge, respectively [26]. In doped a-Si:H, the
doping efficiency, or the small fraction of the doping concentration that is electrically
active, is expressed from the activation energy. For intrinsic material, Ef is supposed
to be positioned in the middle of the band gap, although it is often slightly shifted
towards E,- due to the asymmetry of the density of states of the valence and

conduction band tails or in case of oxygen contamination for instance.

2.2.5  Photoconductivity

The photoconductivity, or light conductivity, represents the excess charge carrier
concentration generated under illumination. It is related to the defect density in the
material, as the charge carrier density depends on the generation and recombination
rates. The phototresponse of the material is defined as the ratio between the light and
the dark conductivities. Device-quality intrinsic a-Si:H has typically a photoresponse of
10°-10".

We use an Oriel solar simulator to carry out the measurements on the glass samples
with Al coplanar contacts. The 300 W He-Xe lamp provides an AM1.5 spectrum close
to the solar spectrum at the surface of the earth and has an intensity of 100 mW.cm™.
A voltage sweep is carried out from —50 V to 50 V by steps of 0.2V and the
conductivity is determined by fitting the J-I” curve to a linear relationship.
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2.2.6  Fourier Transform Infrared absorption spectroscopy (FTIR)

The infrared absorption properties of the films, such as the content of bonded
hydrogen and the silicon-hydrogen bonding configurations, were studied by means of
Fourier transform infrared absorption spectrometry. We used a Bruker Vector 22 that
can operate in the 370 to 7500 cm™! wave-number range. The samples were deposited
on polished c-Si wafer.

From the interference fringes of the background, due to multiple reflections within
the deposited film, the refractive index for infrared light and thickness of the film can
be calculated. Moreover, each specific chemical bond in the material has an absorption
peak in the infrared transmission spectrum, which corresponds to the vibrational mode
of this bond. The density of the corresponding chemical bond, N, is calculated from
the area of the peak, according to equation (14):

N =AI = ijMdm (14)
w

with A,. the proportionality constant, I,. the integrated absorption of a given peak and
a(w) the absorption coefficient.

The data processing procedure is similar to the method proposed by Langeford ez
al. [27]. In this procedure the FTIR spectrum was deconvoluted with Gaussian peaks
for each absorption band at a given frequency, @. The vibration mode at 640 cm’!
corresponds to the wagging absorption mode. This peak can be used to determine the
total hydrogen density of the material, ¢, as every hydrogen atom bonded to the
silicon network contributes to the 640 cm™ peak. ¢ is defined as:

NH

_ 15
Ny +N, 15

€y

where Np and Ng; are the hydrogen and silicon densities, respectively, and

Ng;+ Ny~ 5 % 10?2 cm™ as established by Kessels ¢/ a/. from ERD (Elastic Recolil
Detection) analysis of ETP a-Si:H material [28].

The vibrational modes centered at ~ 1980-2010 and ~ 2070-2100 cm correspond
to the low stretching mode (LSM) and high stretching mode (HSM), respectively.
These modes provide information on the structure of the amorphous network and the
hydrogen bonding configurations. In a-Si:H films, the 2000 em™ mode corresponds to
monohydride SiH bonding [29], whereas the 2100 em™! mode is usually associated
with dihydride SiH, bonding [30] or clustered hydrogen and monohydride bonds on
internal surfaces of voids [31], although this interpretation is still under discussion. In
this way, the monohydride SiH gives rise to stretching modes both at 2000 cm ! and
2100 cm’! depending on its structural environment. A dominant HSM absorption is
usually an indication of inferior opto-electric properties of the material. The
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microstructure parameter, R¥, is a figure of merit for the structure of a material and is
defined as:

RE= Lusy (16)

]LSM + IHSM

where Ij ¢y and Ipygs are the integrated absorption strength of the low and high
stretching modes, respectively. An R* value below 0.1 is generally found in device-
quality a-Si:H. Table 2.1 summarizes the hydrogen bonding types of interest for this
thesis, the corresponding wave number in the FTIR spectrum, as well as the vibrational
mode and proportionality constant used to calculate the bond density for each mode.
These constants were chosen as determined for ETP a-Si:H material by Smets [32].

Bond type Wave number  Vibration mode Proportionality
(cm™) constant, A, (cm2)

SiHy (all H bonded to Si) 640 Wagging 1.6 X 1010

Isolated SiH 2000 Stretching 9.1 x 101

Clustered SiH and SiH, on 2080-2100 Stretching 9.1 x 1019
void surfaces

Table 2.1: H bond types used in this thesis and the corresponding modes of vibration

The mass density of the film, p, can be determined from the refractive index taken
in the infrared, 7, and the total hydrogen content, ¢, according equation (17), and is
derived from the Clausius-Mossotti relation [33]:

2
n, —1 3my,

p= n+2 c 1 a9
4r| 20 g+ Qg — S O g
l-cy,

2

with zg; the mass of Si atom, ag;_g; the bond polarizability in the amorphous phase
(0.5 = 1.96 X 10%*em?) and a1y the bond polarizability of the Si-H bond
(agi. g = 1.36 X 10 cm3), according to [32]. As reference, we can remind that the

mass density of crystalline silicon equals 2.33 g.cm‘3.

2.3 Solar cell characterization

2.3.1  Current-voltage characterization under illumination

The illuminated J-1” measurements are carried out with an Oriel solar simulator
equipped with an He-Xe arc lamp that produces an AM 1.5 spectrum at an intensity of
100 mW.cm™2, Tt is equipped with mirrors and filters to obtain the desired spectrum
and intensity. Using a Hewlett Packard 4145B parameter analyzer, the voltage is varied
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from —0.5 to +0.85 V and the current is measured. The dark and light characteristics
are shown in figure 2.9.
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Figure 2.9: J-1” characteristics of a p-i-n junction in the dark and under illumination.

The most important parameters that are used to characterize a solar cell are the
following:

e the short-circuit current density, /.. this current density is obtained when the
voltage across the device is zero;

e the open-circuit voltage, 17 .: this voltage is obtained when the total current
equals zero. In that case the dark current and the photocurrent (that are opposite)
cancel each other out.

e the fill factor, FF: this is the ratio of the maximum power deliverable by the cell,
to the product of /. and [,

VOC JS‘C

e and the energy conversion efficiency, 7 this is the ratio of the maximum power
output (I ax-/max) to the solar power input (i.e., 100 mW/ cmz).

In practice, power losses occur in solar cells due to the resistance at the interfaces
between the different layers of the cell or due to shunts. The J-1” curve is then further
characterized by the parallel resistance, R, which is equal to the inverse of the slope at
Jsc and the series resistance, R, which is equal to the inverse of the slope at [ (see
figure 2.9). As the temperature of the sample is not controlled during measurement,
some inaccuracies in /-1 measurement (estimated to be about 5%) are obtained.
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2.3.2  Spectral response measurements

Spectral response measurements permit to determine the spectral sensitivity of a
solar cell when the latter is illuminated under monochromatic light of a given
wavelength. This measurement gives the external quantum efficiency (EQE) of the
cell, which is the ratio of the number of photo-generated current that is collected,
J1.(A,1), per flux of incident photons of energy A, D(A):

J,(47)

QE(Z) o (/1) (19)
The internal QE is defined as the fraction of incoming photons that generate an
electron-hole pair. The internal QE is more difficult to measure than the external QE,
and the latter will be smaller than the internal QE because of losses before current
collection, due to e.g. recombination of carriers.

Light from a halogen lamp passes a filter wheel containing 35 band transmission
filters and is incident on a solar cell. This filter wheel covers a wavelength range from
381.0 nm to 948.5 nm (3.25 to 1.31 eV). A chopper allows the use of the lock-in
technique to enhance the signal-to-noise ratio. The set-up is first calibrated with a
photo diode of which the QE is known. The solar cell is biased at a voltage of either
-1V,0Vor0.6V.

As the penetration depth of short wavelengths is shorter than that of the long ones,
the photo-carrier collection from different regions of the solar cell can be distinguished
by this technique. Light from the blue part of the spectrum will generate carriers at the
front of the solar cell, while red light will be absorbed throughout the whole cell and
will give information about the bulk of the cell. The QE depends also on the bias
voltage applied to the cell. At =1V, all carriers are supposed to be collected as the
internal electric field in the cell is large. The ratio of the external QE at 0 V bias to
—1 V bias gives an indication of the depth dependence of the carrier recombination in
the i-layer and deviations of this ratio from 100% indicate the amount of
recombination losses at a certain wavelength.

2.3.3  Degradation experiments

The degradation of both a-Si:H single layers and p-i-n solar cells is carried out in
our home-built light soaking set-up. This set-up consists of a closed box containing a
temperature controlled platform at the bottom and four lamps, type Philips CSM-TP,
at the top. A set of mirrors covers the walls and the top of the box in order to get an
intensity of 1.5 sun +/- 0.1 on an area of ~120 cm? for a spectrum close to the solar
spectrum. The samples are placed underneath the lamps on the platform and their
temperature is maintained at 50°C thanks to a water-bath underneath the platform.
The spatial homogeneity of the intensity of the set-up is checked with a calibrated
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photodiode, so is also the spectrum uniformity. The solar cells are degraded under
open circuit conditions.

After light soaking from several minutes to more than 1000 hours, the single layers
or devices are measured again with the help of the techniques described above to
establish their stability towards illumination. In our case, light conductivity is
monitored for a-Si:H single layers and J-1” characteristics under illumination is
measured for solar cells.
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Chapter 3

Reproducibility of a-Si:H properties
deposited with an expanding thermal
plasma

3.1 Introduction

Originally, the Expanding Thermal Plasma (ETP) technique was developed by the
plasma group of the Eindhoven University of Technology (TU/e) in order to study
plasma chemistry. A characteristic feature of this ETP technique is that the plasma can
be considered as a remote plasma, which permits plasma studies at a different position
from where it is generated. It appeated that the ETP method was suitable for the
deposition of hydrogenated amorphous silicon (a-Si:H) and thus could be used for the
fabrication of thin-film solar cells. Since 1999, the solar cell group of the Delft
University of Technology (TUD), in partnership with the TU/e, has acquired an ETP
set-up. The first results were promising and solar cells with an efficiency above 4%
could be initially fabricated. However, it appeared that the reproducibility of the layers,
so consequently of the solar cells, deposited at the TUD varied over time.

In this chapter, we present the influence of several parameters on the quality of a-
Si:H thin films and our measures to control these. In the first part, the experimental
details are discussed, presenting the reference deposition conditions and the
experimental procedure followed and indicating the characterization methods used. In
the second part, we show the influence of unusual parameters on the performance of
the ETP, such as the number of plates in the arc. In addition, we analysis the effect of
an He back flow and of the heating time before deposition on the substrate
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temperature. Finally, in the third part, we show in a reproducibility study that the opto-
electronic properties of a-Si:H thin films deposited with the ETP technique are
reproducible with a standard deviation of 5%.

3.2  Experimental details

In order to keep track of the performances of the ETP set-up, an amorphous
silicon layer, chosen as reference, is regularly deposited to check both the opto-electric
properties and the condition of the whole system. The gas flows used are 600 sccm of
Ar, 200 sccm of H, and 200 scem of SiHy. The deposition temperature is kept fixed at
250°C. The current through the arc is 40 A, the typical voltage obtained across the atc
is 160 V and the pressure in the arc between 0.41 and 0.43 mbar. The reference sample
is deposited at a rate between 0.7 and 0.9 nm/s.

The a-Si:H thin films are deposited on Corning 1737 glass and on n-type crystalline
silicon substrates. These substrates were cleaned following the procedure described in
the experimental chapter of this thesis (paragraph 2.1).

During the growth of a-Si:H thin films, some deposition occurs not only on the
substrate but also on the walls and windows of the reactor. In order to limit out-gasing
from the walls and to avoid contamination, an Ar plasma is run with CF, injected
directly in the reactor to etch the silicon away. After this cleaning run, a mixture of Ar
and H, is used to condition the reactor. Finally, a dummy and a reference layer are
deposited to check that the conditions are back to our reference level.

The samples deposited on Corning glass are used to perform Reflection-
Transmission measurements to determine the thickness of the layer and the optical
properties, such as the refractive index, 7,,1, and the optical band gap, Er,,.. The latter
is obtained following Tauc’s expression [1]. Dual Beam Photoconductivity (DBP) is
carried out in order to determine the sub-bandgap absorption, which is correlated to
the density of states distribution in the mobility gap. The Urbach energy, Ej, is the
characteristic energy of the exponential slope of the absorption spectrum. Light and
dark conductivity measurements are also carried out on these samples. Fourier
Transform Infra-Red (FTIR) absorption spectroscopy is performed on the films
deposited on crystalline substrates to determine the hydrogen content, ¢y, from the
wagging mode at 640 em’!, and the hydrogen content of the low and high stretching
modes, ¢; gy and cprgpy, at respectively 2000 em ! and 2100 cm ™! These parameters give
information on the structure of the material. The mass density p, ¢;.z; of the thin films
is determined according to the Clausius-Mossotti equation [2].
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Figure 3.1: History of the reference layer deposition conditions: growth rate (),
voltage (A) and pressure (®) in the arc versus sample number. The letters indicate the
changes in conditions and correspond to the open signs in the graph.

3.3 Results

3.3.1  Deposition history

We monitored the growth rate, the voltage and the pressure in the arc. Figure 3.1
shows the history of the deposited layers before the reproducibility study.

From figure 3.1, it is clear that several parameters influence the ETP set-up. First
of all, we can see that the number of plates forming the arc determines the voltage
across the arc. As the voltage increased, a plate was removed from the arc (case B). This
had the effect that not only the voltage decreased (~180 V down to 150 V, suggesting
30 V per plate) but also that the growth rate decreased (0.8 nm/s down to 0.4 nm/s).
We can see from figure 3.1 that putting back the 6 plate (case D), as well as correcting
the gas flows for deviation of the mass flow controllers (case E), permitted us to obtain
the standard conditions for our reference settings, namely a growth rate between 0.7
and 0.9 nm/s, a pressure in the arc between 0.41 and 0.43 bar and a voltage around
160 V. When the pressure in the arc increased again, because some extreme settings
were tested, e.g. very high H, flows, the arc was dismantled and cleaned, or some parts
were changed (cases I' and H) and the pressure returned within the standard range.
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Thus a large pressure increase in the arc is a sign of deterioration of the copper plates,
indicating that the inner diameter might have been reduced due to sparking, erosion of
the ceramic isolation of the cathode tips and local melting of the copper.

Secondly, when new plates are built in the arc, either because they are dirty or
deteriorated (cases A, F and H), or because another arc is used in the meantime (case
G), the reference pressure in and the reference voltage across the arc are obtained
again. However, the growth rate increases and a dummy run has to be carried out
before processing after the arc has been opened. We think indeed that oxygen or water
could be trapped in the arc and a dummy run is necessary to ‘clean’ it out. The increase
in growth rate can be due to the growth of less dense material, the particle flux reaching
the substrate surface remaining the same.

Another important aspect concerning the arc stability is the inner diameter of the
boron-nitride rings. The diameter of the boron-nitride discs that separate the copper
plates should be slightly larger than the channel diameter to insulate perfectly one plate
from the other. The discs used had an inner diameter of 4.5 mm and their replacement
by discs of 3-mm inner diameter allowed achieving stable plasma.

The position of the three cathodes in the housing also influences the voltage in the
arc. One should take care that the three tips are positioned symmetrically in the orifice
to avoid overloading of one of the cathodes (not shown in figure 3.1). Moreover, these
tungsten cathode tips can erode, although it is a quite slow process, and this influences
the stability of the plasma. Finally, the copper plates should be scratch-free, as a tiny
mark on the plate can lead to some air leak in the system, deteriorating the properties
of the grown material.

Finally, it can be noticed that the implementation of extra resistors to sustain the
power of the arc for the deposition of microcrystalline silicon (case C) decreased the
voltage and the pressure in the arc. This changed our reference voltage from 180 V to
160 V.

In summary, the following aspects determine the arc performance: 1) the number
of copper plates forming the arc determines the voltage across the arc when the plasma
is on. We found that, when the voltage increased, removing a plate in order to reduce
it was not a good solution as the growth rate will decrease. Moreover, the increase in
voltage is due to a deterioration of the plates; 2) the narrowing of the inner diameter
of the arc results in higher pressure. The inner diameter of the arc channel can be
reduced by some melted copper, deposition of eroded ceramic material in the arc
channel and in these conditions the plasma is less stable. This can happen when
extreme conditions are used (high H, flows) and the arc starts to spark; 3) after the
replacement of plates, a dummy deposition is required to clean the arc channel; 4) the
arc resistors also determine the voltage over the plates.

Some parameters, which are not ETP-related, were found to have their importance
for a good reproducibility of the a-Si:H layers. It is indeed essential to control all hard-
ware, such as the gas mass flow controllers that can deviate from their set-point, the
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purity of the gases (purifiers have been installed on the SiH, and H, lines, 6.0 instead
of 4.5), the pressure sensors that need to be regularly calibrated and the cleanliness of
the substrates.

3.3.2  Temperature control

Before deposition, the sample needs to be heated up to the deposition temperature.
It was shown before that a 10 to 15 min heating time was sufficient to do so when a
He back flow was used [3]. However, we will show that temperature control, before
and during deposition, plays a large role in the reproducibility of the layers properties.
It is also important to let the sample cool down for a while in the load-lock before
exposing it to the air, otherwise it could undergo a temperature shock, which can result
in a strained layer.

In order to control the temperature of the substrate before and during deposition,
a study using FTIR spectroscopy was carried out. Three parameters were varied: the
He back flow, @y, the heating time, 7, and the substrate temperature, T,
Applying a He back flow permits to convect the heat from the hot yoke to the sample
and so to maintain the sample at the desired temperature. #;,,, is referring to the time
between the loading of the sample on the substrate holder and the beginning of the
deposition when the shutter is removed from above the sample. The deposition
tempetature is kept at 250°C. The films have a thickness of 600 nm.
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Figure 3.2: Mass density of a-Si:H thin  Figure 3.3: Hydrogen content calculated
films versus He flow, @y.. from the high stretching mode, ¢rygpp and
R¥*versus @y..

In the first experiment, @y is varied between 0 and 600 sccm and 7, is taken at
13 minutes. For this condition, the growth rate remains constant, independent of @yy,..
However, as shown in figure 3.2, the density of the a-Si:H thin film increases with
higher He flows to saturate around @y, = 400 sccm. The hydrogen content, as
determined from FTIR, decreases as a function of He flow and reaches saturation for
Dy ~ 400 sccm. Moreover, the hydrogen content from the high stretching mode,
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¢cprsa as well as the microstructure parameter R*, follows the same decreasing trend
(figure 3.3). ¢ygpy corresponds to SiH, bonding [4] or clustered hydrogen and
hydrogen bonded at the surface of nano-sized voids [5]. The decrease of cpyqpy is
attributed to a densification of the material due to a lower nano-void concentration in
the film. The drop of R*is also interesting as a lower R* value generally indicates that
the material is less sensitive to the Staebler-Wronski effect during degradation [6-8]. In
summary, we conclude that the temperature of the a-Si:H growth surface is better
controlled when a high He back flow is used.
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Figure 3.4: o7, and photosensitivity of Figure 3.5: Mass density of a-Si:H films
a-Si:H films versus He back flow, @.. versus heating time 7,

For @y, = 400 sccm, the low hydrogen content (~ 10 at.%) in the thin films
indicates that the growing surface is sufficiently heated and that cross-linking and
elimination of H, can take place. The optical band gap decreases from 1.80 eV at
Dy.= 0 to 1.74 eV at 600 sccm. The light conductivity is also improved and as the
dark conductivity decreases slightly, the photosensitivity of the thin films is enhanced
for @y 2400 scem (figure 3.4).

In a second experiment, the influence of 7, is studied and @y, is kept constant at
100 sccm. The growth rate is not affected by 7,,,,. However, as shown in figure 3.5, a
heating time of at least 10 min is necessary to obtain dense material. ¢pygpr also
decreases when more time is allowed to heat up the substrate, but even after 23 min
the low ¢py¢ obtained using @y .= 600 scem is not reached (see figure 3.0).

The same trend is observed for the microstructure R*. A lower R* value, attributed
to a lower nano-sized void density, is obtained when a large heating time is used, but
still R* is higher than for conditions with a high He flow (Fig. 3.6). This means that it
is rather preferred to heat up the sample using a high @y, than to wait a long time for
the substrate to reach the desired temperature with a low @p.. The light conductivity
is, within the measurement accuracy, more or less independent of 7, with the best
value at 1x107° Q Lem™ for a 13 min heating time (figure 3.7).
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In the third experiment, we varied the substrate temperature from 100°C to 400°C.
Dy was set at 100 sccm and #,,,at 13 min. The density of the thin films increases with
higher T}, and the hydrogen content decreases below 10 at.% (Fig. 3.8 (a) & 3.8 (b)).
Parallel to the decrease of cpyqy, the H content from the low stretching mode (¢ ¢y
increases. This suggests that more mono- or divacancies, with only Si-H bondings at
their surface, are incorporated in the films instead of nano-sized voids. The R* value
drops below 0.2 at 400°C; this value could not be obtained either with a high @4, or
a long #),,. The a-Si:H network contains less defects, which is confirmed by the
electronic properties of the material (figure 3.8 (c)), where the light conductivity goes
from 1 X 107 t0 2 X 10° QL.em™.

In conclusion, the conditions used to prepare the sample before deposition so far
(100 sccm He back flow for 10 min) were not sufficient to bring the substrate to a
stabilized temperature. A He flow of 400 sccm has to be used for at least 13 min to
ensure that the growing surface is at the good temperature and stays at this temperature
during the whole deposition. Higher He flows are not necessary as the properties of
the a-Si:H thin films do not change for flows above 400 sccm. It is also not necessary
to prolong the heating time further than 13 min as very long #,,,, would be needed to
improve further the properties. To obtain denser material, a higher substrate
temperature can be used.
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FTIR (b) and light conductivity and photosensitivity (c) of ETP a-Si:H versus T,
Lines are guide to the eye.

Reproducibility study

In order to estimate the effect of the measures taken to improve the control of the
a-Si:H deposition with ETP, a reproducibility study on single layers has been carried
out. The conditions were as follows: Ar = 900 sccm, Hy = 200 scem, SiH, = 200 sccm
and He back flow @, = 400 scem; p,,,0, = 0.24 mbar and T, = 400°C. The current

through the arc was 40 A, the voltage 150 V and the pressure in the arc 0.52 bar.
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Figure 3.9: Normalized R, 7,5, and Ep,,
values determined from RT measurements.
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REPRODUCIBILITY OF a-Si:H PROPERTIES DEPOSITED WITH ETP

The growth rate, R 4 the refractive index at 1.96 eV, #,,1, and the Tauc optical band
gap, Er,,, were determined. The normalised value to the average of these parameters
can be found in figure 3.9. Their standard deviation is as follows: 3.8% for K 1.0%
for n,,1-and 0.9% for E,,. These parameters reproduce within a standard deviation
of 5%. The electric properties such as the activation energy of the dark conductivity,
E,,, and the Urbach energy, Ep, are plotted in figure 3.10. Their standard deviation is
slightly higher, with respectively 3.9% for E _, and 5.9% for E;. The higher standard
deviation obtained for the Ep; originates from the inaccuracy of the DBP fitting.

The dark and light conductivities vary less than an order of magnitude (figure 3.11).
Note that the dark conductivity depends exponentially on the Fermi level position and
therefore a slight variation in the activation energy already implies a substantial change
in op. The light conductivity depends on the light generated carrier density in the
material and their lifetime, thus on the defect density.

Ry (nm/s) 1.93+£0.07 | posin (gem3) | 2.25£0.01

n2e (-) 42340.04 | a1 (at.%) 59+05
Etue (€V) 1.67 £0.01 | cLsm (at.%) 4.6+0.2
Eur (eV) 0.73+0.03 | R*(9 0.05 £+ 0.03

Eu (meV) 539 +3.2
Table 3.1: Average of the main parameters of a-Si:H samples and their standard deviation.
From FTIR spectroscopy, ¢y, ¢ gy and p,. 5.y of the thin films have been

determined (figure 3.12). p, ¢y is reproduced very accurately with a standard
deviation of 0.1%. ¢ and ¢ ¢ps deviate somewhat more with a standard deviation of
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Figure 3.11: Light and dark conductivities  Figure 3.12: Normalised p, ¢;.py, oy and 7 gpr
versus sample number. values determined from FTIR measurements.

respectively 7.7% and 4.2%. This higher standard deviation is due to the inaccuracy of
the background subtraction while analyzing the FTIR data for samples with a low ¢
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(6 at.%). The average values of the electric-optical properties of the a-Si:H are listed in
table 3.1.

34 Conclusions

To ensure the reproducibility of layers grown with the ETP technique, the arc
source of the plasma has to be checked and cleaned regulatly. By monitoring the
pressure in the arc, as well as the voltage across the arc, it is easily possible to get
information about the status of the arc. An increase of these parameters is a sign of
deterioration of the arc, which can be due to erosion of the tungsten cathode tips or to
a diminution of the channel diameter if some sparks were observed from the arc.

Another important issue concerning the reproducibility of a-Si:H is the
temperature control of the substrate and thus of the growing surface. Before
deposition, a heating time of at least 13 min with a He back flow of 400 sccm should
be allowed to bring the substrate at the desired temperature. During deposition, the
same He flow should be used to maintain the temperature and avoid that the substrate
heats up further because of the direct exposition to the plasma beam.

Finally, when these precautions are taken, the a-Si:H thin films deposited by ETP-
CVD are reproducible. A variation of less than 5% is found for parameters such as
growth rate and mass density, whereas the variation in the Urbach energy is lower than
6%. The electric properties of the material are more difficult to reproduce as they
depend exponentially on the position of the Fermi level but they are also reproducible
within one order of magnitude.
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A brief introduction to a-Si:H growth
mechanism

Since the discovery in 1975 by Speat e al. of hydrogenated amorphous silicon
(a-Si:H) [1], much effort has been spent on understanding the growth mechanism of
this material. Gallagher [2], Perrin ef o/ [3] and Matsuda ez a/. [4] were the first to
develop a model in which growth of a-Si:H from plasma enhanced chemical vapor
deposition (PE-CVD) occurs by precursor-mediated chemisorption and
recombination.

The deposition process of a-Si:H from a silane plasma consists of four stages: the
creation of reactive species in the plasma, their transport to the film surface, their
reaction with the growing-surface and finally the conversion of surface layers into bulk
a-Si:H. In the following section we will shortly described these four stages.

1. Creation of reactive species in the plasma

In a silane plasma, in the absence of hydrogen atoms or ions flux and at low
temperature, the top surface of a-Si:H film is essentially covered by hydrogen atoms.
It is generally accepted that the main growth precursors of a-Si:H by rf PE-CVD are
SiHj radicals [5-8], which are produced in the gas phase. Kessels ¢f a/. [9] showed that
the contribution of SiHjz to a-Si:H growth, calculated from cavity ring-down
spectroscopy (CRDS) and threshold ionization mass spectrometry (TIMS)
measurements, increases with increasing H, flow and saturates for flows larger than 8
sces (see figure 1). Being a low reactive species, SiHj survives the collisions longest in
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A BRIEF INTRODUCTION TO a-Si:H GROWTH MECHANISM

the plasma. It indeed does not react with SiH, because SioH,, structures are possible
only with n <6, and therefore SiH; radicals have the highest concentration.
Hoetnagels ¢7 al. have demonstrated by time-resolved CRDS that SiH 5 was unreactive
in gas phase [10].
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Figure 1: Contribution of SiHjz to a-Si:H film growth, from CRDS and TIMS
measurements [9].

2. Transport of reactive species to the film surface

It has been obsetved experimentally that a-Si:H has a smooth surface. For that,
surface diffusion of radicals and hydrogen abstraction from kink or valley-sites are
required. The SiHj radical has only one dangling bond and therefore cannot be added
to fully hydrogenated sites of a-Si:H film surface. Instead, it may physisorb on the film
surface, creating a dipole interaction with the surface, and then hop from site to site on
the passivated sutrface [3]. Dewarrat and Robertson [11] proposed another mechanism:
SiHj radicals are in a physisorbed state and for that, hydrogen from the passivated
surface adjusts its configuration and moves to an antibonding site. Then SiHj radical
can diffuse from one surface Si to the next, in agreement with minimization of surface
energy. The hydrogen at the antibonding site comes back to a normal Si-H bond, while
the next hydrogen is pushed into an antibonding site. Gupta ¢ a/. proposed that SiH;
radicals diffuse through Si-Si bond breaking and reforming [12]. Hydrogen insertion
into a weak stretched Si-Si bond facilitates the bond breaking and the Si-Si bond
formation is accompanied by the formation and release of a H, molecule.

3. Reaction of reactive species with the growing-surface

The sticking of SiHj radicals on the a-Si:H surface requires first the creation of
dangling bonds. When hydrogen and silyl radicals impinge on the a-Si:H surface, the
atomic H are much more likely to abstract surface hydrogen, hence create dangling
bond sites, compared to the SiHj radicals [12]. Growth sites are thus dominantly
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A BRIEF INTRODUCTION TO a-Si:H GROWTH MECHANISM

created by hydrogen recombination (1). Hydrogen adsorption (2) and hydrogen
recombination (1) are competing reactions. However, recent research [13,14] has
shown that the main process for H-abstraction from the surface is by SiHjz radicals
through an Eley-Rideal reaction mechanism (3). SiH, molecules then return to the gas
phase. At high temperature, associative desorption or thermal desorption of H, from
neighboring -SiH occurs, leaving two dangling bonds (4). In a diluted silane plasma,
hydrogen-induced etching of silicon can occur (5). Finally, dangling bonds can be
created by ion-induced reactions combined with H, abstraction (6). No sputtering is
considered, as high ion energies are required.

(S:H )j +H — (SZ'*DB)I +H, Hydrogen recombination 1)
($i—DB) +H — (SiH). Hydrogen adsorption 2
(SiH), +($7H,), = (5i—DB), +(SiH,)

5

. Eley-Rideal abstraction mechanism (3)

(SiH), +(SiH), — 2(8i—DB)_ +(H, )g Associative desorption “)
(§iH,), + H — (Si—DB) +(SiH, ), Etching ©)
(SiH) + A" — (85i—DB) +H, + B Ton induced reaction (0)

with -DB standing for dangling bond, subscript s for solid and g for gas phase.

a-Si:H growth mainly takes place from SiHj radicals finding a dangling bond and
chemisorbs. However, polysilane radicals and silicon cluster ions participate to the film
growth, although to a smaller extend (< 10%). It is mentioned in literature that these
large species lead to a higher density of Si-H, bonding configuration, which means that
the microstructure of the material is increased [15].

4. Conversion of surface layers into bulk a-Si:H

The final step of a-Si:H growth consists of hydrogen elimination as the H-rich
surface layer (50-60 at. H %) is converted into bulk Si-Si network containing typically
4 to 20% hydrogen atoms. At low temperature growth, Robertson [16] proposed an
explanation based on thermodynamics: the neighboring SiH undergo a spinodal
decomposition in which species diffuse up a concentration gradient, so the excess
hydrogen from the bulk is expelled towards the hydrogen-rich surface. During that
process, an intense bond rearrangement accompanies hydrogen elimination and leads
to disorder and creation of weak Si-Si bonds. At deposition temperature above 400°C,
it is reported that thermal associative desorption of hydrogen occurs spontaneously
from bond reconstruction between neighboring chemisorbed SiH;. At low deposition
temperature, weak bonds facilitate hydrogen elimination, allowing local rearrangement
of hydrogen in pair, hydrogen passing through a bond center to join another hydrogen,
to form molecular H, [10].
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In the next two chapters, we will focus on the electro-optical properties of a-Si:H
deposited by ETP-CVD at high growth rates. In particular, we will investigate the
material properties as function of plasma settings, such as additional hydrogen
injection in the reactor through the nozzle (in Chapter 4) and external tf bias on the
substrate (in Chapter 5). These two approaches have in common that they aim to
reduce the influence of large silicon-related species, like cluster ions and polysilanes,
that are present in the plasma and participate to the a-Si:H growth, as these large
species atre believed to lower the material properties.
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Chapter 4

Hydrogen injection in ETP plasma jet for
fast-deposition of high-quality a-Si:H

4.1 Introduction

The deposition of hydrogenated amorphous silicon (a-Si:H) by plasma enhanced
chemical vapor deposition (CVD) is inseparable from the plasma chemistry and the
formation of silicon radicals from the precursor silane (SiHy) in the gas phase. With
the expanding thermal plasma (ETP) CVD technique, the dissociation of SiH, initially
occurs from collision with argon ions (equation 1), which produces silicon-ions.

Art +8SiH, > Ar+SiH +... (m < 3) )

Subsequently, depending on the electron density, these silicon-ions are immediately
further dissociated by either interaction with an electron (equations 2 followed by 3)
or either by collision with another silane molecule (equations 4 and 5). Both of these
routes lead to the formation of large silicon-containing radicals or ions.

At high electron density (n, > 10'7 m™):

SiH +¢ — SiH +... (n<2) )

SiH, +SiH, —> Si,H , +... polysilane radical formation (3)
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And at lower electron density (n, = 10" m™):

SiH' +SiH, —> Si,H  +... “)
Si, H +SiH, —> Si

However, these reactions are dominant only at zero or very low hydrogen flow.
Kessels ¢z a/. [1] have shown that the ion density decreases significantly when the H,

flow is increased due to charge transfer reactions (equation 6), immediately followed
by dissociative recombination reactions (equation 7).

Ar'+H, > ArH" + H (6)
ArH +e —> Ar+H @)

Injection of hydrogen in the arc effectively reduces the ion density emanating from
the arc and a small channel diameter, like on the CASCADE set-up of Delft, results in
a more effective quenching of the ion and electron densities [2]. To reduce the ion
density further, we propose to inject also hydrogen directly into the reactor, through
the nozzle. In presence of H, in the plasma, and consequently of atomic hydrogen,
according to equations (6) and (7), the dominant dissociation of silane is H-induced
and governed by equation (8).

SiH,+H — SiH,+ H, 8)

Nevertheless, ions cannot be completely eliminated and the ion density does not
diminish further than a factor 3 for larger Hy/Ar ratio than 5% [2]. Silicon-ion clusters

can still be generated from charge transfer reaction (9) between H' and silane,
followed by ion-molecule reaction (10).

SiH,+H" — SiH, +H, ©)
SiH; + SiH, — Sz'qu* + pH (10)

A complete overview of the possible reactions occurring in the arc plasma and in
the reaction chamber has been presented by van de Sanden ¢# a/. [3] and by Kessels ez
al. [4].

The plasma chemistry is of concern because of its impact on the material growth
and properties. As a matter of fact, the properties of a-Si:H deposited by ETP-CVD
are strongly influenced by the ions emanating from the arc, because polysilane radicals,
(SiH,), =2, and silicon-cluster ions, SipH q+’ are created when ion-induced
dissociation of SiH, takes place (equations 3 and 5). These reactions are not desirable
because polysilane radicals and silicon-cluster ions lead to material with higher
microstructure [5], even if their contribution to the growth is limited (< 10%). The
preferred dissociation route of SiH, is through collision with an atomic H (eq. 8) as
SiHj has been identified as the precursor inducing improvement of a-Si:H properties
when its contribution to the film growth is increased [6]. The favorable influence of
SiHj radicals is attributed to its low surface reaction probability compared to other

+ .1s . .
H, +e silicon cluster ions formation 5)
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silane radicals, implying a higher ability to diffuse over the growing surface. The
probability to reach a step or valley is then increased and consequently the chance to
incorporate voids or to get a columnar film growth is reduced. A smooth and dense
material is consequently obtained.

In this chapter, we present the results of an investigation on the a-Si:H material
properties when additional hydrogen is injected directly into the plasma jet at the exit
of the arc. The addition of H, in the nozzle is expected to reduce the ion density
further and the achievement of higher growth rates while keeping the pressure, voltage
and gas mixture in the arc constant, leaving the plasma chemistry in the arc unchanged.
After a comparison of materials deposited with and without hydrogen injected in the
nozzle, Hyn,,,, we will show the influence of several process parameters on material
quality, such as deposition pressure, substrate temperature and gas mixture. Finally, we
will present a comparative study with a-Si:H prepared in another ETP set-up and we
will discuss the role of hydrogen bonding in the structural properties of a-Si:H. We will
show that the vacancy- to void-dominated density transition is determined by the
amount of polysilane radicals or clusters in the reactor versus the silicon growth flux.

4.2  Experiment

The channel diameter of the cascaded arc used in the Delft University set-up has
been decreased compared to that of the Depo 11 set-up at the department of Applied
Physics of the Eindhoven University of Technology (from 4 mm down to 2.5 mm).
This was done in order to find a compromise between a smaller pump capacity of
CASCADE compared to Depo II - leading to a smaller total possible gas flow during
process - and the need of an arc pressure greater than 0.3 bar to create a stable thermal
plasma in the cascaded arc. To ensure high growth rates, high argon, silane and
hydrogen flows should be used. The addition of hydrogen in the arc can become a
problem as the voltage over the cascade plates increases and there is a risk of voltage
breakdown if the electric field between two copper plates is greater than 40 kV/m [2].
To avoid this problem and still be able to reach high growth rates, hydrogen has been
injected directly in the plasma jet at the exit of the arc. The addition of H, in the nozzle
permits to reach higher growth rates while keeping the pressure and voltage in the arc
constant.

The a-Si:H depositions were carried out in the multi-chamber deposition system
CASCADE. A description of the ETP set-up can be found in the experimental chapter
of this thesis and more details are published elsewhere [7]. Layers of a-Si:H were
deposited on Corning glass 1737 for optical and electric characterizations (reflection-
transmission, dark and light conductivity, Urbach energy and defect density) and on
crystalline silicon wafers for Fourier transform infrared (FTIR) absorption
spectroscopy (hydrogen content, bonding configuration, microstructure).
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Comparison with and without Hyyy,,,: two series were carried out, one with Hy
only in the arc (series I), the other one with 200 sccm extra H, injected in the nozzle
(seties II). The substrate temperatute was vatied from 200 to 400°C. The purpose was
to assess the impact on growth conditions of H, admixture into the nozzle. The
deposition conditions can be found in table 4.1.

Pressure series: (series 11I) the same gas settings were used as for series 1I. The
reactor pressure was increased by partially closing the exhaust valve. The pressure was
set at, respectively, 0.24, 0.26 and 0.28 mbar. The a-Si:H films were deposited with a
substrate temperature of 400°C.

Temperature series: (series 1V) three series were deposited with different silane
flows. The substrate temperature was varied from 200 to 400°C. The flow ratio of H,
in the arc and SiHy was kept constant as follows: 200/200 sccm, 270/260 sccm and
310/320 scem. We will refer to these three seties by the average growth rate of each
series, 32 A/s, 46 A/s and 60 A/s respectively.

H, flow series: (series V) the H, flow injected in the nozzle is varied from 0 to 250
sccm. The reactor pressure varies from 0.20 mbar for Hyy,, = 0 scem to 0.24 mbar
for Hyno, = 250 scem. The substrate temperature was chosen at 400°C, unless
indicated otherwise.

(series VI) the total H, flow and the Ar flow are kept constant. (Ar
= 850 sccm and total H, flows = 400 sccm). The ratio of H, in the nozzle to total H,
in the reactot, @o Noy / Pros 112> 18 vatied from 0 to 1. The films are deposited at
400°C. The voltage in the arc varies from 183 V for @5 No, / Proc 2 = 0 down to

81V for Dy Noy / Prornz = 1.

Series  Ar H2 Nozale H2 Arc SiHs  Voltage Arc pres- Tempera- Reactor pres-

(sccm)  (sccm) (scecm) (sccm) (V)  sure (bat) ture (°C) sure (mbar)
1 850 0 200 200 149 0.54 varied 0.21
11 850 200 200 200 147 0.55 varied 0.23
IIT 850 200 200 200 148 0.56 400 varied
v 850 200 200 200 147 0.55 varied 0.23
850 200 270 260 159 0.55 varied 0.24
850 200 310 320 166 0.56 varied 0.25
v 850 varied 200 200 131 0.56 400 varied
VI 850 varied varied 200 varied 0.55 400 0.23

Table 4.1: Overview of the deposition conditions used in this chapter to study the
influence of H, injection in the nozzle on the a-Si:H film properties.

In addition, 400 sccm He was used as back flow for all the deposition conditions
mentioned above in order to control the substrate temperature accurately. The arc
current was set at 40 A and the pressure in the arc was p,,. = 0.55-0.56 bar. Except for
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the pressure series (series 11I), the reactor pressure, p,,,.» Was determined by the gas
flows and the pumping capacity of the ETP set-up.

4.3 Results and discussion

4.3.1  Comparison between a-Si:H deposited with and without H, in
the nozzle

The ETP technique is based on a remote plasma that is generated in the arc. This
means that the arc is physically separated from the sample surface and that there is a
large pressure difference between the arc and the reactor chamber. The physics and
chemistry of the plasma depend on the pressure in the arc and on the voltage applied,
as well as on the gas mixture injected in the arc. In order to alter the plasma chemistry
in the reaction chamber and change the growth conditions without influencing the
plasma processes in the arc, gas needs to be injected directly into the reactor. When H,
is introduced through the nozzle (to which we will refer to from now on with Hoy,),
more SiH, can be dissociated whilst a stable plasma is obtained in the arc. By
introducing Hyyy,,,, the growth rate is increased by 0.45 nm/s on average (see figure
4.1) without changing the SiH, flow, which was kept constant at 200 sccm. This
increase in growth rate was not expected as the rate coefficient of silane dissociation
by atomic H is much lower than by ionic H' (& = 2 X 10710 m3/s at 2000 K [8] and
kp+ =5 X% 1015 m?/s [9]). However, SiH, dissociation by atomic H is temperature
dependent and at high temperatures, hot atomic H has a higher reaction probability
with SiHy, which could explain the results.
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Figure 4.1: Growth rate versus substrate temperature for series I and II.

For each temperature, we observe that the Tauc band-gap of the sample with
Hono,, 1s slightly lower than that of the sample without Hyy,,, (not shown here). This
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correlates with a lower total H content (Et,,, = Ey + B x ¢g) [10,11]. However, the
refractive index at 2 eV remains unchanged. The refractive index depends only on the
substrate temperature and not on the total H, flow.

The increase in growth rate when injecting H, in the nozzle can be explained by
even more quenching of the Ar” ion density by H, according to equations (6) and (7),
generating more atomic hydrogen. The Ar™ ions that come out of the arc have to go
through a hydrogen ‘curtain’, which increases their probability to undergo charge-
transfer reactions before interaction with SiHy. The atomic hydrogen then reacts with
SiH,, leading to H abstraction reaction instead of charge transfer reaction [1] and
forming SiHj radicals, as depicted in equation (10). It has been mentioned that the
lowered Ar" density and the increased SiHj radical density are favorable for growing
device-quality a-Si:H material and for reducing the formation probability of ions or
large silicon clusters. Less clusters and polysilane radicals in the plasma lead to fewer
defects in the material as the incorporation of these species is thought to result in void
formation [12,13]. Moreover, as a result of the H, injection in the nozzle more atomic
H is available in the reactor to dissociate SiH,. Typically, the SiH, depletion is only 5
to 7% for a-Si:H growth conditions. We expect that this value is enhanced by the
addition of H, in the nozzle, leading to a higher SiH; particle flux that contributes to
the growth of a-Si:H. Hydrogen induced dissociation of SiHy is the advocated reaction
to obtain better material quality.
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Figure 4.2: Light conductivity vresus Figure 4.3: Dark conductivity versus
temperature for series I and II. temperature for series I and 1I.

Figure 4.2 shows the light conductivity as a function of the substrate temperature
for the two series. It is clear that the injection of extra H, directly into the reactor
enhances the light conductivity. As show in figure 4.3, the dark conductivity, oy, is also
increased, which results in a lower photoresponse. However, the increase in op) is more
pronounced in series 11 than in series I and this cannot be explained by the decrease in
band gap only. We think that the carrier mobility increases with Hyyy,,- This increase
in dark conductivity is not linked to an increase of defect states in the band-gap, as we
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observe that the defect density, obtained from DBP measurements, follows the same
trend for the two series (see figure 4.4). The Urbach energy is actually reduced with
Honoy a0d so is the defect density, to a minor extent.
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Figure 4.4: Defect density and Urbach energy versus substrate temperature for series
without and with Hyy,,, (series I and II).

From the comparison between series I and II, deposited without and with Hon,s
we can conclude that the main advantage of Hj in the nozzle is an increase in growth
rate, while maintaining or even improving the material optical and electric properties.
We note, however, that the pressure in the reactor increases slightly when H, is
injected in the nozzle, reducing the plasma-beam diameter.

4.3.2 Pressure series

We investigated the influence of the reactor pressure on the material properties by
carrying out a reactor pressure series. This was achieved by partially closing the exhaust
valve, increasing the pressure for a given gas-flow setting to obtain a constant reactor
pressure. The a-Si:H films were deposited at 400°C, the temperature at which we have
grown the best film in terms of material properties.

During ETP-CVD, the growth rate does not depend only on precursor gas flow,
but also on the reactor pressure. The increase in growth rate may arise from the
reduction of the plasma beam diameter when higher reactor pressures are used. When
the gas flux remains the same, more radicals arrive on a smaller surface area, which
leads to a higher growth rate. However, the pressure increase in the reactor entails an
increase of the growth rate of 2.3 A/s on average per 0.02 mbar (0.02 mbar is the
pressure increase observed when adding Hj, in the nozzle, see table 4.1). This was
calculated from series III as well as from other deposition series where the pressure
was varied. The reduction of the plasma beam explains only partially the increase in
growth rate of 4.5 A/s observed when H, is added in the nozzle. The remaining
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growth-rate increase of 2.2 A/s (on average) can be attributed to the effect of Hyyy,,
on either dissociation of SiH, or on further quenching of the remaining Ar’ ion
density coming from the arc.

[ ‘ ‘ A~ ]
20 ¢,
10 A~ |
@ © CLS/‘/’
< 8 —m—c ]
o A HSM
g 6 L \A a
£ 4f /O\ ]
8 © o
T ]
ol = o = ]

024 025 026 027 028
Reactor pressure (mbar)

Figure 4.5: Total H content (¢), low stretching mode (¢} g and high stretching mode
(¢pzspp) hydrogen content versus reactor pressure for series II1.

The increase in growth rate due to higher pressures in the reaction chamber does
not influence the optical properties of the material. However, the total hydrogen
content, ¢, decreases at higher pressures, although ¢y and ¢ g3 are more or less
constant (see figure 4.5). Moreover, the electric properties are not influenced by a
change in the reactor pressure. The Urbach energy, as well as the defect density in the
band gap, does not show any trend with increasing reactor pressure.

In conclusion, we observe an increase of growth rate following an increase of the
reactor pressure. This increase can be due to a reduction of the plasma-beam diameter
and a concentration of the reactive species on a smaller surface area. Virtually no effect
is observed on the optical and electric properties of the material. The reactor pressure
seems to influence the structural properties of the material to a larger extent, as the
hydrogen content decreases with an increase of pressure.

4.3.3 Temperature series

We deposited three temperature series varying the SiH, flow as described in section
4.2 (see table 4.1, series IV).

The deposition rate versus the substrate temperature is plotted in figure 4.6 for the
three different gas settings used. The growth rate decreases as a function of increasing
substrate temperature. This decrease of growth rate is due to a densification of the film
(see figure 4.7). The mass density was obtained using the Clausius-Mossotti equation
[14], with the refractive index, 74, and the hydrogen content, ¢y, determined from
FTIR measurements. The temperature at which the density saturates depends on the
growth rate. It was shown by Mahan ez /. [15] for hot-wire a-Si:H, as well as Kessels ¢z
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al. [16] and Smets et al. [17] for ETP a-Si:H, that for higher growth rates, higher
substrates temperatures were necessary to densify the film.
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Figure 4.6: a-Si:H growth rate versus Figure 4.7: Film density from FTIR data
substrate temperature for three SiHy flows.  versus substrate temperature for three seties.

A possible reason for this densification is the thermally activation of Si radical
diffusion, which gives rise at high temperatures to the diffusion of chemisorbed species
to growth sites situated at steps or valleys. Another possibility for film densification is
the faster desorption of intermediate species during growth, leading to a more ordered
structure. As a result, the surface is smoother and the material denser and therefore the
growth rate is reduced.
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Figure 4.8: Atomic density of H, Si and sum of both from RBS measurements versus
refractive index. Open symbols for Eindhoven samples, full symbols for Delft
samples. Lines are guide to the eye.
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The atomic densities of silicon and of hydrogen, as well as the total atomic density,
were determined by Rutherford Backscattering Spectroscopy (RBS) and Elastic Recoil
Detection Analysis (ERDA). In figure 4.8, we compare the hydrogen densities for ETP
a-Si:H material obtained by Kessels e a/. deposited with Depo 11 and ours deposited
with CASCADE. We observe that the atomic hydrogen density as a function of the
refractive index, #,,1, for material deposited in CASCADE is in reasonable agreement
with the data from Kessels ez 2/ [18] for material deposited in Depo II. An increase in
715,17 leads to a decrease in hydrogen content and an increase in silicon density. This
results in a total atomic density for the thin films of 5 x 10%? at.cm™ , which is
independent from 7,,;~ Some samples have a significantly lower total density, which
could come from a high void density.
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Figure 4.9: H content versus substrate Figure 4.10: Microstructure parameter R*
temperature. Lines are guide to the eyes. versus substrate temperature. Lines are

guide to the eyes.

The hydrogen content, ¢, and the microstructure parameter, K¥, are shown in
figures 4.9 and 4.10, respectively. Obviously, both ¢y and R* drop as a function of
temperature. At higher temperatures hydrogen is eliminated via a cross-linking
mechanism [19, 20], creating a denser material that contains less hydrogen. The
decrease in ¢y is accompanied by a drop of the band gap (not shown here). It is
interesting to note that the series grown at a faster deposition rate has a lower ¢ (see
tigure 4.9). This is most likely a pressure effect, as seen earlier in this chapter. An
increase in reactor pressure entails a reduction in hydrogen content in the deposited
film. Although ¢ is lower for the material grown at 60 A/s, the R* value indicates that
a substantial fraction of the hydrogen is bonded in Si-H, configurations or in Si-H
configurations on void sutrfaces. A high K* value is generally accompanied by a larger
void fraction in the material. This conclusion is in agreement with the data in figure
4.7, which show that material deposited at a high rate has a considerably lower mass
density. We ascribe this lower mass density to a substantially higher void fraction.
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Furthermore, from SAXS (Small Angle X-ray Scattering) and infrared measurements,
Mahan ez al. |21] deduced that the ¢ygyy is linked to microvoids and that the interior
surfaces of these microvoids are largely unhydrogenated. This would explain why a
higher void fraction leads to lower ¢ for material deposited at high rates.

The Urbach energy (see figure 4.11) and the defect density decrease when the
substrate temperature is increased, which again indicates that the film quality is
improved at higher substrate temperature. A denser material, with a low
microstructure, implies less defects and both the Urbach energy, as well as the
absorption in the sub band gap, is lowered for substrate temperatutes up to 300°C. No
further decrease is observed for higher temperatures (Fig. 4.11).

75+ 1
. = 32As 5 - .
> 01 2 o 46As | 107¢ . 3
o A 60As |~ A A
> 65+ n =47 [ ]
) A g 5| b i
2 60 ° 1= 10 (] A
(0]
5 5] . . e .
8 s0f ' A * | %107t N " 32As |
5 b " " . o 46 A/s
45+ A Y A 60 As
200 250 300 350 400 10 200 250 300 350 400
Substrate temperature (°C) Substrate temperature (°C)

Figure 4.11: Urbach energy versus substrate ~ Figure 4.12: Light conductivity versus
temperature for three growth rate series. temperature for three growth rate series.

Figure 4.12 shows the increase in light conductivity as a function of substrate
temperature. This increase can be explained by a reduction of the band gap and defect
density. The light conductivity is higher for lower growth rates. As the band gap does
not depend on the gas flows or the growth rate used but only on the substrate
temperature, this growth-rate dependence of the light conductivity at a given
temperature appears to be correlated to the R* value. As noted above, this value gives
an indication of the void fraction in the material. Indeed, we find a good correlation
between light conductivity and R*, as shown in figure 4.13. We think that, for material
with a high R* value, the defects on void surfaces act as recombination centers and lead
to lower light conductivities. Obviously, a high R* value leads to a lower light
conductivity, which is generally ascribed to a higher defect density. Shiratani ef /. found
a correlation between Si clusters in the plasma and R* [22]. The suppression of clusters
by means of a filter grid situated above the sample led to cluster-free a-Si:H and the H
concentration associated with SiH, bonds could be significantly reduced compared to
the concentration found in conventional films.
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In figure 4.14, the defect density, N4 is plotted as a function of R* N is correlated
to R* and two regions can be distinguished. In the first region, R* < 0.5, N, is
independent of K* and has an average value of 5 x 10'% ecm™. For these samples, a
substrate temperature of at least 300°C was used. It is remarkable that N, is not
influenced by the R* value (for R* <0.5), whereas the light conductivity drops an order
of magnitude in that region. However, we should note that DBP measurements tend
to underestimate N, [23]. In the second region, R* > 0.5, N jincreases substantially. In
that case, the substrate temperature was below 300°C. For R* > 0.5, the void fraction
becomes that large that defects on void surfaces dominate the density of defect states
in the band gap.
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Figure 4.15: The H content, ¢y, versus the Tauc band gap, E,,. The linear relation
between ¢y and E7,,, is strongly dependent on the reactor pressure and the substrate
temperature. Lines are guide to the eye.
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When the substrate temperature is increased, the variation of hydrogen content
with reactor pressure (or growth rate) is smaller (see figure 4.15). A possibility is that
atlow substrate temperature, the precursors arriving on the surface have a low mobility
and the probability that hydrogen abstraction from two adjacent Si-H bonds occurs is
small. The formation of a highly strained Si-Si bonds at low temperature, in relation
with the low precursor mobility, is more likely. Moreover, a higher pressure leads to a
lower ¢y for a given substrate temperature. This was already observed for the pressure
series (see section 4.3.2). However, the thin films obtained at higher pressure are also
less dense, which indicates that more voids are incorporated in the material, but also
that these voids are not covered by hydrogen.

4.3.4 H, flow series

To find the optimum conditions for growing a-Si:H with a low defect density and
a high photosensitivity, a series was deposited varying Hyyy,, from 0 to 250 sccm
(series V, see table 4.1 in section 4.2).

Apart from the growth rate that increases, due to the increase in reactor pressure
with Hjyy,» N0 other changes are observed in the electro-optical properties of the
material deposited at 400°C. The dark and light conductivities increase in the same
proportion, leading to a constant photosensitivity. In figure 4.16, the Urbach energy,
Ey, 1s plotted versus Hyyy,,, (full squares). After a slight decrease when some H, is
injected into the nozzle, the Urbach energy starts to increase somewhat for flows in
excess of or equal to 200 sccm, but it remains low (< 50 meV). Finally, no big changes
in properties are observed for this material deposited at 400°C.
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Figure 4.16: Urbach energy versus H, flow injected in the nozzle for three substrate
temperatutes.

57



CHAPTER 4

The influence of H, in the nozzle becomes more appreciable when the deposition
temperature is lower. As shown in figure 4.16, the Urbach energy drops with Hyy,,
for deposition temperatures of 250°C and 350°C. This trend is more noticeable for low
substrate temperatures. The defect density and the absorption coefficient at 1.2 eV,
& 5, are also minimized with Hyy,,, but only if the substrate temperature is lower than
350°C (see table 4.2). However, we have to note that at lower substrate temperature,
&y 5 is higher than at 400°C, even with Hyy,,,- So the injection of H, in the nozzle
cannot replace substrate temperature entirely.

Tos (°C) Honer = 0scem Hone, = 200 sccm

250 7.5 3.9
350 24 1.8
400 1.3 1.3

Table 4.2: Absorption coefficient & » (cm™!) taken at 1.2 eV.

In order to prevent the growth rate to increase due to the increase in reactor
pressure, a second series was deposited (series VI) with the total H, flow kept constant.
D15 Noyw/ Pror Ho» the ratio of hydrogen injected in the nozzle to the total hydrogen
flow, was varied. The films were deposited at 400°C.

The fact that the reactor pressure and the total gas flow remain unchanged does not
imply that the growth rate is not affected by the distribution of H, across the arc and/
ot the nozzle. Actually, we observe a decrease in growth rate when @y no, / Prot 1o
is increased. This decrease is accompanied by a drop in arc voltage, which means that
the ionization of the species present in the arc is less effective. It appears that the
atomic H formation is much more efficient in the arc than in the chamber. The opto-
electronic properties ate not affected by the @pyp N0, / Pros 12 ratio, unless no Hy is
admitted in the arc at all. As seen in figure 4.17, the dark and light conductivities remain
unchanged with vatying @5 No, / Pror 112> unless there is no H, in the arc. In that
case, the light conductivity drops as well as the refractive index (not shown here). The
growth rate is indeed boosted from 33 up to 134 A/s and the defect density is
multiplied by a factor 100 (see figure 4.18). This is thought to be due to the dominant
process for SiH, dissociation. Instead of SiH, dissociation by atomic H abstraction,
leading to SiH formation [8], SiH, will be mainly decomposed by Ar™ when no Hj, is
injected in the arc, leading to dissociative recombination reactions with electrons and
formation of clusters [1,9]. It is mentioned in literature [5] that these clusters are
responsible for the growth of material of lower density, with higher defect densities
and inferior electric properties.
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Figure 4.17: Dark and light conductivities Figure 4.18: Absorption in the band-gap
versus the ratio of Hyy,, to total H, flow. for several ratios of H, flow in the nozzle
T,,, = 400°C. to that in the arc.

In conclusion, the process window for high deposition rate (> 2 nm/s) a-Si:H is
quite large, and at a substrate temperature of 400°C it does not matter in which
proportion H, is injected in the arc and the nozzle, as long as arc and nozzle are both
used. At lower T, the addition of Hyy,, improves parameters such as Ey; and the
sub band-gap absorption. We think that the excess of atomic H in the reactor, coming
from dissociation of Hjy,,, helps the hydrogen abstraction from the surface, either
directly by reaction of atomic H with surface-bonded hydrogen, either by the
intermediate SiHj, thereby creating less defects in the material.

Comparing the series with Hj in the nozzle constant (series V) and the one with
constant reactor pressure (series VI), we conclude that the optimum flow for a-Si:H
deposited at high deposition rate is 200 sccm of H, both in the arc and in the nozzle,
for 850 sccm of Ar.

4.3.5  Film density and hydrogen bonding type in the a-Si:H network

As shown by the large number of studies dedicated to it, hydrogen plays an
important role in the formation of the a-Si:H network and thus in the properties of the
grown material. Hydrogen atoms that bond to dangling bonds reduce the number of
defects. It is known that pure a-Si, deposited for instance from sputtering, has a defect
density of 10! cm™ and this density can be reduced down to 10" cm™ in a-Si:H. On
one hand, hydrogen promotes a reconstruction of the network during growth, by
breaking and removing weak Si-Si bonds and passivating dangling bonds. On the other
hand, however, hydrogen is also held responsible for the material degradation under
llumination. This phenomenon is known as the Staebler-Wronski effect [24]. The
opto-electronic properties degrade under illumination and can be restored after
annealing the a-Si:H films at temperature above 180°C. Another remarkable feature of
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hydrogen is the fact that excess hydrogen in the plasma induces a transition to
microcrystalline silicon. Before the transition to microcrystalline silicon occurs, the
hydrogen content in a-Si:H films actually decreases when hydrogen is added to the
plasma [25].

In the ETP technique, SiH; radicals are considered to be the main precursors for
the a-Si:H growth [1]. Although the film surface is expected to be covered by hydrogen
and the dangling bonds to be passivated, the bulk is hydrogen poor, with a hydrogen
content of about 10 at.%. Furthermore, the solubility of hydrogen in a-Si is around 3
to 4 at.% [26]. A fundamental question is how the H-to-Si ratio drops from typically 2
to 4 in the gas phase down to 0.1-0.2 in the bulk. Several models have been proposed
to explain how a hydrogen-rich surface, where the growth occurs, is ‘transformed’ in a
low hydrogen content bulk. Robertson proposed a hydrogen elimination process based
on rearrangement of H," configurations in a region close to the surface [27]. This
rearrangement, in combination with the chemisorption of SiHj radicals, brings enough
energy for hydrogen elimination. However in his case, the growth rate is substantially
lower than in our case and the hydrogen elimination process is thermo-dynamically
limited instead of kinetically. Kessels ez a/. proposed the elimination of hydrogen based
on a thermally activated hydrogen cross-linking step, right after the chemisorption of
a silyl radical [19]. Smets found physical and chemical evidence in that direction [17].
However, these models do not take into consideration the hydrogen bonding type in
the a-Si:H network and its influence on the a-Si:H properties.

Infrared absorption measurements provide much information about Si-H bonds,
such as the total hydrogen content in the film and the configuration in which hydrogen
is incorporated into the film (cpygpr and ¢ gpp). Smets ef a/. demonstrated that the film
density of the ETP a-Si:H films was either vacancy- or void-dominated [28] depending
on the hydrogen content. Silicon-hydrogen bonding configurations contributing to the
low stretching mode (~2000 cm'l) correspond to isolated (di-)vacancies, whereas
configurations contributing to the high stretching mode (~2100 cm')) correspond to
voids. He found that the film density is dependent on the total hydrogen content of
the film, ¢, and he uses this dependence as a means to study the hydrogen bonding
configuration in the material. The transition between the two regions is induced at ¢y
= 14 at.% and can be seen in figure 4.19 (open symbols). Samples containing less than
14 at.% H follow a linear relation between the film density, p, g;.y, and ¢y, given by

Pasin = PasiI—0-cy)+ pyey (15)

with O the hydrogen incorporation parameter, p, g; the pure a-Si volume density
component and pyy the hydrogen volume density component. The samples with higher
¢y obviously do not follow the same relationship and it was proved that these films are
in the void density dominated region [28], which means that two hydrogen are bonded
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to a silicon atom or that these hydrogen atoms are situated on void surfaces
(Crism > eLsa)-
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Figure 4.19: Film density versus hydrogen content obtained from the 640 em’! wagging
mode for several growth rates; the a-Si:H films are either deposited in Eindhoven (open
symbols) or in Delft (full symbols).

In figure 4.19, a-Si:H thin films grown in Delft at high growth rate and with H,
injected in the nozzle are also plotted (full symbols). We can see that the Delft material
does not match the trend previously observed for the Eindhoven material. Only
samples deposited at substrate temperatures of 350°C or more are in agreement with
the data from Eindhoven. It seems that ¢ = 14 at.% is not the transition point in our
case. When the hydrogen contents from the high and low stretching modes are plotted
as a function of the total hydrogen content for each setting (figure 4.20), we observe
that the transition from a vacancy- to a void-dominated region shifts as a function of
the growth rate, so as a function of the reactor pressure. Table 4.3 summarizes the
correspondence between growth rate, reactor pressure and critical hydrogen content
delimiting the two structural regions.

Growth rate Reactor pressure Critical hydrogen
(A/s) (mbar) content (at.%o)
32 0.23 ~13
46 0.24 ~9
60 0.25 ~7

Table 4.3: Correspondence between growth rate, reactor pressure and critical ¢ for
a-Si:H films deposited in Delft.
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Figure 4.20: Stretching modes hydrogen content, ¢pygps and ¢ gy plotted versus the
wagging mode hydrogen content ¢y for three growth rate series (from CASCADE set-
up). Lines are guide to the eye.

It appears that there is a critical pressure at which this transition occurs. Anddjar
et al. [29] also observed a threshold pressute around 20 Pa for the transition between
the a and y regimes for rf PE-CVD. In the high-pressure region, the growth rate
increases and the film density is reduced. Using rf PE-CVD, polymerization reactions
that lead to poorer material quality can be suppressed by increasing the rf power.
Higher powers lead to an increase in ion bombardment that enhances the surface
mobility of adsorbed radicals and eliminates hydrogen bonded in SiH, configurations.
In ETP-CVD, ion bombardment can be excluded, which means that the effect on the
material properties of polymerization reactions occurring at higher pressures cannot be
suppressed. For the Eindhoven material, the reactor pressure depends also on the
deposition conditions and on the growth rate. However, we think that these reactor
pressures are still low enough (£ 0.21 mbar) to not influence the structure of the
deposited films. For the Delft material, the pressure in the reactor is higher (up to 0.25
mbar for the 60 A/s series) and the structure of the material and the incorporation of
hydrogen are then influenced. The critical hydrogen content, delimiting the vacancy-
void regions, is then moved to lower ¢ (figure 4.21). Consequently, some samples are
grown in the void-dominated region although their hydrogen content is lower than
14 at.%, and this explains why they do not fit the vacancy-dominated samples from
Eindhoven (see figure 4.19, full samples in a bubble).

In section 4.3.2, the influence of the reactor pressure on the material structural
properties was established. At higher pressures, less hydrogen was incorporated in the
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material. However, this study was carried out with samples deposited at 400°C. At this
elevated substrate temperature, the density of the material follows the relationship with
hydrogen content as described by equation (15). Only at lower temperatures, when less
energy is supplied to the growing surface, the reactor pressure has an influence. This
dependence of structural properties of the a-Si:H thin films on the reactor pressure and
substrate temperature can be explained by the presence of polysilane radicals (e.g.,
SipHy, p < 6) in the plasma chamber, which are hydrogen deficient radicals, or clusters
(8i,Hy, 5, 72 2). High pressures might give rise to gas phase polymerization reactions
and thus powder formation [12]. The reactive polysilane radical contribution to the
growth is then enhanced. As a consequence, the contribution of SiHj radicals to the
growth is reduced. It has been reported that SiH; radicals are favorable for the growth
of device-quality film because of their low surface reaction probability and their ability
to diffuse on the surface. Polysilane radicals are known to lead to less compact material
because they most likely stick to the surface on impact as their surface reaction
probability is quite high (0.6 to 1) [13, 30]. Matsuda e a/. postulated [31] that these
higher silane-related reactive species form dihydride-rich subsurface structure, causing
Si-H; rich bonding configuration in the resulting a-Si:H. Moreover, these polysilane
radicals are known to stick preferentially on cold surfaces, which could explain why
device-quality material can still be obtained at high substrate temperature and high
reactor pressure. We think that with a high reactor pressure and a high deposition rate,
more polysilane radicals contribute to the growth, therefore leading to poorer material
properties.
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Figure 4.21: Dependence of the critical hydrogen content, for the transition between
vacancy- and void- dominated regions, on the reactor pressure.

Figure 4.22 shows the light conductivity plotted versus the microstructure

parameter R* for samples deposited in Delft (full symbols) and in Eindhoven (open
symbols). These samples are deposited under void-dominating conditions, as
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determined earlier according to the hydrogen content and reactor pressure (see figures
4.19 and 4.20). We can see that the light conductivity decreases with increasing K*. This
suggests that the condition determined eatlier for growing void- or vacancy-dominated
material (transition for cpygp = ¢ gpp), 1s valid. It indicates that the void surfaces act as
recombination centers for the photocarriers. It was shown by photo deflection
spectroscopy [32], as well as cavity ring down absorption spectroscopy [23], that the
defect density of the a-Si:H surface is five orders of magnitude higher than for the bulk.
This can give an indication of the defect density on the surface of the voids included
in the bulk and explain the decrease of light conductivity with KR*.

The photosensitivity, 07 / op, of the Delft and Eindhoven a-Si:H samples is plotted
versus R* in figure 4.23. For the Delft samples (full symbols), the relationship found
between o7 and R* can be seen for samples with a void-dominated structure. The dark
conductivity is independent of the microstructure parameter. In general, the photo-
sensitivity is higher for the Delft samples than for the Eindhoven ones, indicating that
the Eindhoven samples have a higher datk conductivity. This implies a larger
contamination in the Eindhoven samples than in the Delft ones by, e.g., oxygen from
the backgground. The photosensitivity of device-quality a-Si:H varies typically from 10*
up to 10°.
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Figute 4.22: Light conductivity versus R*  Figure 4.23: Photosensitivity o}/0p

for samples with a void-dominated density.  versus R¥, for all samples. Open symbols

Open symbols corresponds to Eindhoven  corresponds to Eindhoven samples, full

samples, full symbols to Delft samples. symbols to Delft samples. The line is a
guide to the eye.

In summary, the hydrogen bonding type in the a-Si:H network, determining if the
material has a vacancy- or void-dominated structure, is very important to understand
the structural and electric properties of the material [28]. It appears that not only the
growth rate and the substrate temperature determine the structural properties of the
growing material, but also the reactor pressure is very critical. The formation of
polysilane or cluster ions in the plasma, which lead to the growth of less compact
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material, is indeed attributed to higher reactor pressure. The incorporation of nano-
voids results from a competition between the deposition rate (or the time to grow a
monolayer) and the substrate temperature (or the time for radicals to diffuse on the
surface, which is a thermally activated process). Smets ¢f a/. showed that for each
growth rate there is a critical temperature above which compact material is obtained
[17]. Here, we show that in addition to this critical temperature, also a critical reactor
pressure, related to the growth flux, plays a role in the formation of the ETP-CVD a-
St:H structure. Above this critical pressure, the transition from one domain to the
other (vacancy to void regions) is shifted to lower total hydrogen content and has as a
consequence that although low ¢y are obtained, the material is not compact. This is
detrimental for the material properties, such as the photoconductivity (figure 4.22) and
the defect density (figure 4.14). The latter increases for K* > 0.5, i.e., for material in the
void-dominated regime, whereas the N, does not change for material grown in the
vacancy-dominated region (i.e., R* < 0.5).

4.4 Conclusions

We studied the properties of amorphous silicon deposited by ETP-CVD with extra
H, injected directly in the reactor chamber via the nozzle, Hyy,,,, in addition to H,
flow in the arc. The aim was to reduce ion density emanating from the arc in order to
minimize the growth contribution of polysilane radicals and silicon cluster ions, which
are species with a low surface mobility and which deteriorate the quality of a-Si:H. We
think that the Ar™ ion density is decreased when passing through the H,y,,, ‘curtain’.
The growth rate is increased compared to material grown without H, in the nozzle,
partly due to an increase in reactor pressure and reduction of the ETP beam diameter,
partly due to the formation of extra radicals in the plasma.

As already observed for high growth rate deposition techniques, an increase of
substrate temperature permits to improve the material properties, such as the light
conductivity and defect density. The growth rate is slightly decreased when the
substrate temperature is increased because of material densification. Remarkably,
hydrogen content decreases with higher growth rate, but this is due to a higher pressure
in the reactor. In addition, we observe that the microstructure of the material, R*,
decreases with increased substrate temperature and with lower growth rates and it
appears that the light conductivity is strongly correlated to R*. In fact, a-Si:H
containing a high content of HSM configurations is less conductive due to defects on
the surface of nano-voids incorporated in the material that operate as recombination
centers. The defect density is also correlated to the material microstructure. A higher
density of voids in the material entails more defect states in the band gap. However,
for samples with R* below 0.5, N, is independent of R*; the material is grown in the
vacancy-dominated regime.
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By studying the hydrogen bonding type in the a-Si:H network, it turns out that the
transition between vacancy- and void-dominated density a-Si:H can be monitored with
the hydrogen content for moderate reactor pressures (< 0.21 mbar) and that the critical
¢y equals 14 at.%. However, this critical ¢y shifts to lower values when higher reactor
pressures are used. This is thought to be due to the presence of polysilane radicals and
cluster ions in the plasma that contribute in a larger extent to the growth under high
reactor pressure conditions and higher growth rates.

We conclude that device quality a-Si:H can be deposited at high growth rates with
ETP-CVD (> 30 A/s) when H, is added in the nozzle and when the substrate
temperature is above 300°C.
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Chapter 5

External tf substrate-biased ETP for
deposition of high-quality a-Si:H

5.1 Introduction

The role of ions in the a-Si:H growth mechanism and the effects of surface-ion
interactions on ETP-CVD a-Si:H are not yet entirely understood. Polysilane radicals
and ion clusters might have a large impact on the a-Si:H properties, although their
contribution to the growth is estimated to a maximum of 10% [1]. We saw in the
previous chapter that the addition of H, in the nozzle permits to improve the material
quality, which is believed to be linked to the reduction of the high-degree silane radical
and cluster ion densities. In this chapter, we use the ionic species present in the plasma
to bombard the surface during growth and we study the influence of this
bombardment on the properties of a-Si:H deposited at low substrate temperature.

At high deposition rates (> 10 A/ s), relatively high substrate temperatures are
required to supply additional energy to the growth precursors in order to enhance their
surface diffusion with respect to their arrival rate, permitting to obtain dense material
[2]. These high substrate temperatures can be a source of difficulties when the intrinsic
a-Si:H film is incorporated in a p-i-n solar cell. The underlying a-Si(C):H p-layer is
sensitive to high temperatures and the material properties may be significantly affected
when exposed to temperatures above 250°C. For this reason it is desited that extra
energy is supplied to the growing surface by an alternative method rather than by using
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a high substrate temperature. This extra energy supply can be realized by bombarding
the surface with energetic ions.

In the ETP technique, the plasma is at a remote location and ions emanating from
the arc expand in the reactor, arriving on the deposition surface with little energy
(< 2 eV). Therefore, in contrast to a-Si:H growth with rf PE-CVD, the growth of a-
Si:H by ETP-CVD occurs without ion bombardment. It was shown by Takagi [3] that
using an accelerated ion beam increases the migration of adatoms during deposition
without actually heating the substrate. Ion energies as low as few eV are expected to
have similar effect as temperature [4,5]. Therefore ion bombardment, by applying an
external rf biasing duting ETP-CVD a-Si:H deposition, can be a means to provide
extra energy to the surface, hence permitting to grow thin films fast at lower substrate
temperatures.

In this chapter, we first present the properties of a-Si:H deposited with rf-biased
ETP-CVD as a function of the bias voltage generated on the substrate. Then we will
present the differences and similarities of rf-bias and substrate temperature. Finally, in
the last section, we will discuss the different processes occurring under ion
bombardment and the consequences on a-Si:H growth in terms of ion energy.

5.2  Experimental details

The a-Si:H samples used in the present study were prepared with the ETP
technique in the multichamber deposition system CASCADE. The plasma was
operated with a gas mixture of Ar-H,-SiH,. The ion bombardment was generated by
applying an rf power (13.56 MHz) to the substrate holder. A more detailed description
can be found in Chapter 2 of this thesis.

The thin films were deposited on Corning glass 1737 for optical and electric
characterization by reflection-transmission (RT) and dual-beam photoconductivity
(DBP) techniques and on crystalline silicon for structural characterization by Fourier
transform infrared (FTIR) absorption spectroscopy. The following series were

deposited:

Power series: three series were deposited, one with 150 scem H, injected in the
nozzle (series I), one without extra Hyy,, (series II) and a last one at higher growth
rate with H,y,,, (series III). The rf power applied on the substrate holder was varied
from 0 to 50 W, which corresponds to a bias voltage | 7| varying between ~ 0.5 and
53 V. The gas flow settings and other deposition conditions can be found in table 5.1.

Temperature series: two series were deposited, one without rf-bias (series IV) and
one with 8-W rf-bias on the substrate (series V). In both cases, 150 sccm H, was
injected in the nozzle. The substrate temperature, T,,,, was varied from 150°C to
400°C. The other deposition conditions can be found in table 5.1.
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Series  Ar  Howomle Hoar SiH4y Tempera- RF power |17,] Growth
(scem)  (sccm)  (scem)  (scem)  ture (°C) (W) ) rate (A/s)
I 600 150 200 200 250 vatied vatied 11.8

II 600 0 200 200 250 varied varied 12.0
111 850 150 200 200 250 varied varied 40.0
I\ 600 150 200 200 varied 0 ~0.5 11.3
\4 600 150 200 200 varied 8 24 11.8

Table 5.1: Overview of the deposition conditions used in this chapter. Note that the
growth rate is the average growth rate for each series.

In addition, for all the deposition conditions mentioned above, 400 sccm He was
used as back flow in order to control the substrate temperature accurately. The arc
current was set at 40 A and the pressure in the arc was p,,. = 0.41-0.43 bar, except for
series III where p,, = 0.54 bar. The pressure in the reactor chamber, p,,, .., Was
respectively 0.18 mbar for series 11, 0.20 mbar for series I, IV and V and 0.23 mbar for
series 111 when no bias was applied on the substrate. When rf biasing was applied, it
was not possible to determine p,,, ., accurately, because of interferences from the rf-
signal with the pressure gauge.

5.3 Results

5.3.1  RF power series

The dc bias voltage, 17, generated when applying an external rf power, P79 on the
substrate holder was measured for three plasma conditions (see figure 5.1). For a pure
Ar plasma, 17, exhibits a linear dependence on P,: This means that all the rf power is
used to accelerate the ions within the plasma sheath and the ion current is constant
considering the relation Pr ~ I;, 17, [6]. When H, is added to Ar in the reactor, the
dependency between 7 and P, is no longer linear and part of the rf power is used to
create an extra plasma above the substrate, generating a bright light. We think that this
secondary plasma comes from the formation of excited species and their subsequent
decay. These excited species were generated by collision of neutral species with heated
electrons around the substrate holder. The generation of secondary electrons is
twofold. First of all, the rf bias provides extra energy to the electrons crossing the
sheath and efficiently heats the electron gas, leading to a higher ionization of species
around the substrate. And secondly, the other possibility could be, although to a lower
extend, that some secondary electrons are ejected from the substrate surface when
energetic particles impinge on it and transfer their kinetic energy to this surface. These
secondary electrons may ionize or excite neutral particles close to the surface and
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contribute to the generation of the bright light observed around the substrate. Finally,
when SiHy is added to the gas mixture, an extra plasma also appears, characterized by
a higher | 17| than in the pure Ar case and by an additional light emission above the
substrate. The bias voltage obtained when SiH, is introduced into the reactor is lower
than in the case of Ar with Hj, because SiHy is easier to ionize than H, and therefore
the current is higher. As a consequence, the electron density is also higher, and this
results in a lower bias for a given power.
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Figure 5.1: Bias voltage, 17, measured at the substrate holder versus the applied rf
power for respectively an Ar, Ar-H, and Ar-H,-SiH, plasma.

The extra plasma created when applying an rf power to the substrate enhances
the a-Si:H growth as shown in figure 5.2. The growth rate increases as a function of
the dc bias voltage for various deposition settings. This deposition-rate increase can be
due to a larger SiHj; radical density in front of the substrate [7], generated by the extra
plasma, thereby increasing the Si growth flux. SiH; radicals are generally considered as
the main precursors in a-Si:H growth. In addition, positive ions containing silicon
atoms (Si,,H,, ™), which are impinging onto the growing surface, can contribute to film
growth [8], although only in a moderate proportion (< 9%). Smets e al. observed a
growth flux saturation for self-bias voltages in excess of 60 V [6]. In our case, the series
deposited at high growth rate (series III, deposited at 250°C) does not show a clear
indication of saturation, but the maximum investigated power voltage was 55 V.

Despite this increase in growth rate, the refractive index, 75,1, remains constant for
a wide range of | 17| (Fig. 5.3). The refractive index is a measure of the mass density
of the deposited films and thus an increase in #,,;- indicates an increase in material
compactness. We can notice a slight increase in the refractive index for bias voltages
around 21 V. This increase is in good agreement with the improvement in electric
properties of a-Si:H thin films deposited by rf PE-CVD and the grid-bias method,
reported by Kato and Ganguly [9] when ions have an energy between 23 and 24 eV.
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Figure 5.2: Growth rate of the thin Figure 5.3: Refractive index, 7,1, of
films versus bias voltage. the thin films versus bias voltage.

In figure 5.3, open diamonds represent samples deposited without H, in the nozzle
(series II). These samples have a lower refractive index than those deposited with
Honops itrespective of the tf power used. It confirms that the Hyy,,, has a beneficial
effect on the properties of a-Si:H. For high-energy ion bombardment (| 17| > 45 V),
the refractive index decreases. For series 111, this decrease in refractive index is found
already for low 17, values and |I7,| =20V is the optimum condition. The
improvement in refractive index as a function of 1, followed by a decrease, is a sign
that two processes are competing when an external rf substrate biasing is applied: (i)
energy transfer of the surface-impinging ions to the radicals increasing their surface
mobility, which is dominant at low-energy ion bombardment, and (i) sputtering or
displacement of Si atoms from the sub-surface, decreasing the density of the thin film,
which is prominent at high-energy ion bombardment [10]. The first process has a
positive influence on the material properties, whereas the second process leads to
poorer material quality.

As reported in table 5.2, the dark-conductivity activation energy of the thin films is
rather high for intrinsic a-Si:H material. The activation energy increases substantially
when substrate biasing is applied and exceeds half of the Tauc band gap value. This
increase in activation energy does not correspond to an increase in band gap, which
either remains constant or slightly decreases when varying |17,| = 0.5 to 36 V (or
P,r=0to 60 W), but is attributed to a shift of the Fermi level towards the valence band.
We expect either a higher donor-like dangling bond states in the band-gap or a
broadening of the conduction band tail. Therefore the material is slightly p-like doped.
This behavior is rather surprising as usually the Fermi level of intrinsic a-Si:H is
reported to be slightly above midgap, giving a n-type behavior to the material. This
n-type behavior is due to either the higher mobility of electrons compared to holes
[11], or to the incorporation of oxygen or nitrogen impurities [12]. The dark
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conductivity is correspondingly low at 1 x 10120 .em™. The light conductivity
remains constant within the measurement accuracy (Table 5.2). Akiyama ez a/. showed
that for a-Si:H deposition by ECR (Electron Cyclotron Resonance) plasma CVD [13]
the concentration of (SiH,), chains in the deposited film dominates the photo-
conductivity. An increase in microwave power permits to reduce the cluster chains
incorporation in the material and this is attributed to an increase of energy transfer of
the incident ions to the film surface. A high photosensitivity is maintained in all cases.

ZA (V) Ew(€V)  opw Ql.em)  ovg: (Ql.eml)  Photosensitivity (-)

~ 0.5 0.879 9.5 x 1013 2.0 x 10-¢ 2.1 x 1090
18.8 0.966 1.0 x 1012 2.8 x 10-¢ 2.8 x 106
22.8 0.946 52 x 1013 3.1 x 106 6.0 x 100
32.6 0.960 8.7 x 1013 2.1 x10¢ 2.4 x 1090
52.7 0.910 1.9 x 1012 3.1 x 10-¢ 1.6 x 10¢

Table 5.2: Electronic properties of a-Si:H for several values of | 17|, series 1.

In figure 5.4, the Urbach energy, E;, is shown as function of the bias voltage. We
do not obsetve a strong trend for the seties deposited with Hyy,,, at ~ 1 nm/s, but
what is remarkable is that as soon as an rf bias is applied, E;is decreased, irrespective
of the rf power applied to the substrate. For samples deposited without Hyyy,,,» the £f
bias does not improve Ey;. Finally, for the samples deposited at higher growth rate
(> 3 nm/s), applying an external bias results in the increase of the Urbach energy,
except for a low self-bias of 20 V. This corresponds to the best value found for the
refractive index.

100

® Series|: With H, in nozzle o 107 . ETp o
% 90r & series Il: No H, in the nozzle ] E 10*L © rf-biased ETP
E golL @ Series lll: High growth rate =, 3
= 510
3 ° o
& O & 10°
C
S el o Lo ¥ 810"} &
5 g = = c 2
8 sof . }.' "y = 20 =
[ n L o
=) = PP
40} g107¢
2,2
30— 0 20 0 40 50 1008 70 12 14 16 18 20 22 24
V.l (V) Photon energy (eV)
Figure 5.4: Urbach energy E; versus Figure 5.5: Absorption coefficient vs.
bias voltage for wvarious deposition photon energy for samples deposited at
conditions. 250°C with and without external rf bias
(| V4l =24V).
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The absorption coefficient obtained from RT and DBP measurements for a-Si:H
films deposited at 250°C from series I is shown in figure 5.5. The sample deposited
with an external rf bias (| 1V,,| = 24 V) shows a smaller sub gap absorption than the
sample deposited without rf bias. This observation implies that with moderate ion
bombardment fewer defects are incorporated into the material thanks to the extra
energy brought by the ions.
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Figure 5.6: Microstructure R* versus external Figure 5.7: H content versus bias voltage
dc bias for a-Si:H films deposited at various for the standard deposition conditions
conditions. Lines are guide to the eye. (Seties I, ~ 1 nm/s, 250°C, H, in nozzle).

The microstructure R* of the a-Si:H films was calculated from fitting the FTIR
spectra. Attention was paid to the integrated absorption of the low stretching mode
(LSM, 1980-2010 cm™!) and of the high stretching mode (HSM, at 2070-2100 cm™)
and to the R*value. From figure 5.6, it is clear that ion bombardment has an important
influence on the microstructure of the material. One of the criteria for device-quality
a-Si:H is that the R* value is lower than 0.1 [14] and we can see that this condition is
tulfilled for standard material (series I) when a |17,| of about 20-30 V is applied to
the substrate. For samples deposited at high growth rate or with no Hyy,, K* is still
above 0.1 within the studied range, although an rf-bias improves the R* value. We
point out that these samples are deposited at a low substrate temperature of 250°C. We
have to note that the R* value of the point at 51 V of series 111 is probably erroneous
as the other material properties of this particular sample (Ej, absorption coefficient at
1.2 eV) indicate that this material is inferior compared to the rest of the series.

The hydrogen content, ¢, determined from the 640 cm’! peak of the IR absorption
spectrum, scatters between 8 and 11 at.% and the hydrogen content in the low
stretching mode, ¢ gy, slightly increases in that range as is shown in figure 5.7 (for
clarity, only one of the series deposited with Hyy,,, is shown). Therefore, the decrease
in R*is representative of the decreasing hydrogen content in the high stretching mode,
¢prsy- This means that the void incorporation in a-Si:H is reduced when the growing
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surface is bombarded by energetic ions. A low external substrate bias is already
sufficient to decrease the R* value from 0.3 to 0.1 for the conditions where hydrogen
is injected into the nozzle (series I). We think that ion bombardment, by enhancing the
radical surface diffusion, promotes hydrogen desorption from the surface during
growth. However, when a higher dc bias is applied (> 35 V), the R* value increases
again. The growth rate is increased and the a-Si:H network becomes less ordered. We
conclude that a mild self-bias voltage is sufficient to make the growth surface reactive
without damaging the structure.

5.3.2  Temperature series

The effect of tf biasing is sometimes compared to that of temperature [4], as extra
energy is brought to the growing surface and the radical mobility is therefore increased.
However, ion bombardment might have other effects on the species in the plasma and
on the grown material. We can think that energetic ions can break big clusters close to
the surface into smaller entities, thereby reducing the contribution of polysilane to the
growth. Alternatively we can think that the energetic ions can leave the polysilanes
intact but increase their mobility on the surface so they can hop and reach a more
thermodynamically favorable sticking site. It is interesting to investigate to which
extent temperature and ion bombardment are interchangeable in the ETP deposition
technique.

To study this correlation, two series as function of substrate temperature have been
deposited, one by standard ETP at 11 A/s (series IV) and the second one with an rf
bias of 8 W, corresponding to a bias voltage of 24 V (series V). The growth rate in this
case is 12 A/s on average. The substrate temperature was varied between 150°C and
400°C. See table 5.1 for the deposition conditions.

As shown in figure 5.8, 7,,;-increases when the substrate temperature is increased
from 150°C up to 400°C, which indicates that a more compact material is grown. For
material grown with rf-biased ETP, the same trend is observed, but the refractive index
is higher. Comparing the curves in figure 5.8, we can see that a material with the same
refractive index can be obtained at lower substrate temperatures when rf-biasing is
applied. The extra energy brought by the ions (| 7| = 24 V in this case) permits to
deposit a-Si:H thin films of same refractive index at substrate temperatures ~ 50°C
lower than without rf bias.
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The light conductivity, o7, as well as the dark conductivity, op, increases with
substrate temperature. The increase in op is directly linked to a narrower optical band
gap (Tauc gap decreases from 1.90 eV at 150°C down to 1.72 eV at 400°C) [15]. The
increase in o7 is related to a lower density of states in the band gap. However, the
addition of rf bias on the substrate enables 0y to increase only for samples prepared
at temperatures lower than 300°C. The defect density, however, is always lower with
rf-bias (as shown in Fig. 5.11), independently of the substrate temperature. The best
o7, obtained is ~ 5 x 10° Q@ lem™ As the defect density remains unchanged for T/,
> 250°C, we think that the electron mobility is reduced. The relative low o7 obtained
suggests the presence of either deep traps for electrons (deeper in the gap than 0.8 eV,
as no increase in defect density is observed, see Fig. 5.11) or of a lot of shallow traps,
that in both cases reduce the electron mobility. Time-of-flight measurements showed
indeed an electron drift mobility at room temperature of 0.1 em? Vs, which is one
order of magnitude smaller than in standard rf PE-CVD a-Si:H [16], and this low
electron mobility could be the limiting factor for the photoconductivity. The
photosensitivity, which is defined as the ratio between the o7 and o}, has a maximum
for substrate temperatures around 200-250°C (Fig. 5.9). It is interesting to note that a
mild rf bias of 24 V leads to an improvement in photosensitivity and that the optimum
substrate temperature concerning the photosensitivity is then lowered from 250°C
down to 200°C.
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The total hydrogen content, ¢, is strongly dependent on T, (see Fig. 5.10) and
the microstructure parameter R* also decreases drastically with T,,,. Surprisingly, rf
bias on the substrate does not reduce R* further at temperatures above 300°C.

On average each ion is accelerated with an energy of 24 eV in the conditions chosen
here. However, when considering the ion-energy distribution, some ions possess a
higher energy. These ions may be responsible, for example, for weak-bond breaking.
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Figure 5.12: Light conductivity versus K* for the temperature series IV and V. (a)
Effect of rf bias on the general trend (line is a guide to the eye); (b) with substrate
temperature taken into account.
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In that case, ion bombardment not only leads to a higher surface mobility of
radicals, which we think is equivalent to higher substrate temperature, but also to the
removal of loosely bonded atoms, leading to a better structure of the material. This can
be seen in figure 5.11 in which both the Urbach energy, E;, and the defect density in
the sub-band gap, N, are presented. Er;and N not only decrease with higher T, but
also when an rf bias is applied to the substrate at a given temperature. At 250°C, N,
decreases a factor 3 with a bias voltage of 24 V to values obtained only at 400°C
without rf bias.

Figure 5.12 (a) presents the dependence of the light conductivity on the
microstructure parameter. At a first glance, the addition of an external tf bias on the
substrate seems not to influence their dependence and the lower R*, the higher oj.
However, when attention is paid to the specific substrate temperature for each point
(Fig. 5.12 (b)), it appears that the addition of rf bias leads higher 07 and lower R* ata
given temperature below 300°C. Above that temperature, R* is still reduced, but then
o7, remains more or less constant compared to the case without rf bias. RF-biased ETP
gives rise to the same material properties while lowering the substrate temperature,
although this is obvious only at substrate temperatures below 300°C.

It is interesting to note that the bias voltage |17 |, measured on the substrate
holder, increases when the substrate temperature is increased from 150°C to 400 °C,
although the input rf power is kept constant (see Fig. 5.13). This increase might be due
to the heating of the gas in the vicinity of the surface, making the ionization of the
species easier and leading to an increased electron density. In that case, the ion
bombardment is slightly more efficient at higher substrate temperatures, as the mean
ion energy is increased.

26

251

IVl (V)

23+
u Series IV

%150 200 250 300 350 400

Substrate temperature (°C)
Figure 5.13: Substrate self-bias voltage |17,,| versus temperature. The applied rf bias
was kept constant at 8 W.

In conclusion, with an external rf bias similar properties as those obtained with
samples deposited without bias can be obtained, but at lower substrate temperatures
(~ 50°C lower). However, temperature and tf bias are not completely interchangeable
as ion bombardment can modify the plasma composition and reduce the incorporation
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of polysilane in the film, as the energetic ions might break down polysilane clusters.
Thereby the quality of the material is improved. Moreover, ion bombardment can lead
to atom displacement (E;,, = 12.9 eV, [17]) or even silicon sputtering (E,,, = 80 eV,
[18]), depending on the ion energy. These two features can potentially occur as a broad
ion energy distribution function, around the mean energy el”,, is expected [19]. The
ordering of the a-Si:H network is then improved and lower defect densities are
achieved. Finally, at high substrate temperature (> 300°C), the beneficial effect of ion
bombardment seems to be masked by the temperature effect and no further
improvement is noticed concerning, e.g., the light conductivity, oj, that remains

relatively low (< 10 QLem™).

5.4 Discussion

When an external rf bias is applied on the substrate during ETP-CVD deposition,
the positive ions present in the plasma bulk will undergo an acceleration towards the
substrate when crossing the sheath. As the ions have a larger mass than the electrons
and a lower mobility, they react slower to the changes in electric field and to the rf
signal. A negative dc bias is then generated on the substrate. Consequently, the positive
ions will impinge on the growing surface, and this will result in ion bombardment.
What is the nature of the ionic species involved in this process and what are the effects
of such a bombardment on a-Si:H growth?

Nature of the ions bombarding the surface:

As mentioned earlier, under ETP condition without rf-biasing, no or negligible ion
bombardment is taking place, although ions are present in the plasma. In particular
hydrogen-poor cationic clusters, Si,H,_ ", have been identified as growth precursors
that contribute up to 5% of the a-Si:H growth [8]. Therefore, the contribution of large
Si clusters to a-Si:H growth cannot be excluded.

With rf bias, the cationic clusters are thought to be either accelerated to the surface
or broken up in smaller species before reaching the surface. It is very unlikely that these
large ions can penetrate into the bulk. However, smaller ions can induce film
modifications and material properties alteration. In other words, other ions than
cationic clusters are expected to be mainly responsible for the energy transfer to the
growth surface. The additional ions generated in front of the substrate are most likely
SiH,," or Ar" [20]. These ions are thought to dominate the surface bombardment. A
domination of H* ions would lead to less efficient Si displacement due to their smaller
mass. However the presence of HY, Hy and H;" ions has been observed in the
plasma, which means that they can participate to the surface bombardment.

We know from previous studies that deposition of a-Si:H by ETP-CVD without rf
bias is dominated, at more than 90%, by SiHj; radicals [21]. The growth contribution
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of these radicals during ETP-CVD with rf bias remains the same according to
Hoefnagels ¢/ al. [7] and the growth contribution of Si  H, " ions is limited to ~ 6% [8].

Influence of ion bombardment on the growth rate:

When an external rf bias is applied, an additional plasma is observed close to the
substrate sutface. The extra plasma obsetved around the substrate holder is attributed
to the electron temperature in the plasma that increases and, to some extent, to
secondary electrons that are released from the surface following ion collision onto the
surface. The higher electron density increases the dissociation degree of the H, and
SiH, molecules present in the plasma [6], generating more radicals in the vicinity of the
substrate surface. This higher radical density was confirmed by Hoefnagels ¢# a/. by
time-resolved cavity ring down spectroscopy |7]. The increase in radical density close
to the surface has as a consequence an increase in growth rate. Note that the increase
in growth rate is not attributed to a decrease in compactness of the material as the
density p remains more or less constant with increasing rf bias. The growth-rate
increase, as a result of the radical-density increase, is substantiated by the fact that the
growth flux, I, increases by 33% while the growth rate increases by 33.5%. Ando ¢z al.
[22] suggested that the increase in growth rate with larger bias voltage probably
corresponds to an increase in incident ion flow, rather than the production of neutrals
close to the substrate. However, the contribution of other radicals than SiHz seems to
be limited in ETP-CVD, and this for two reasons. First of all, the silane molecules are
dominantly dissociated by atomic hydrogen, which leads to SiH; production. Other
radicals, such as SiH,, with x < 2, are produced at a lower rate and their density in the
plasma is lower [23]. Moreover, they can be lost in the gas phase by reaction with SiH,,
in contrast to SiHj. Secondly, it was shown that negatively charged dust particles are
confined in the plasma, thus their contribution to a-Si:H deposition is limited to a few
percent or lower [23]. The dust particles present in the reactor usually deposit on the
colder chamber walls, or are pumped away. Furthermore, we believe that most of the
positive ions do not participate to the growth as they do not contain Si atoms (H™,
H,", H3+). Concerning the cluster ions, such as Si.H_ " (n > 6), generated by ion-
silane chain reaction, Kessels ¢z a/. estimate their contribution to a-Si:H film growth
from 4% to 9% [8]. This calculated contribution is considered as a maximum as no data
on the sticking probability of the cationic clusters was available and thus it was taken
as unity, following literature [24]. Moreover, we think that these large cationic silicon
ions may be broken by collision with hot electrons in the plasma or on impact with the
surface when an rf bias is applied.

Influence of ion bombardment on surface processes:

When an ion impinges on the growing surface, it can scatter back, be adsorbed on
the surface or penetrate in the bulk of the material, depending on its potential and
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kinetic energy. In any case, energy transfer to the surface takes place and the surface
heats up locally. Therefore, ETP-CVD with external rf bias on the substrate seems to
enhance surface processes, such as diffusion of radicals on the surface and hydrogen
abstraction. Surface silicon atom displacement is also expected as a reduction in void
incorporation is observed [20]. These processes are possible thanks to the energy
transfer from the colliding particles to the radicals on the growing surface. Smets ¢z a.
observed a decrease in roughness with rf power [20] and this change in topography is
a good indication of the increase in mobility of the precursors. The surface valleys are
more efficiently filled. Moreover, the lower defect density, IN;, obtained with rf-biased
ETP compared to solely ETP-CVD, suggests that hydrogen abstraction from the
surface and sub-surface, from two neighboring hydrogen atoms, is facilitated, leading
to lower polyhydride content (¢cggpy, see Fig. 5.11). Hydrogen abstraction does not
occur spontaneously at temperatures below 300°C [25] and thermal enetrgy is
insufficient to activate this process at low temperatures. The creation of growth sites
(dangling bonds) and the desorption of precursor byproducts are most likely enhanced
when an rf bias is applied. A lower defect density is also attributed to the prevention
of strained or weak-bond incorporation thanks to ion bombardment.

Optimum ion energy:

High-energy ions can be detrimental to the deposited film as then bulk Si atom
displacements or even sputtering may occur. Sasaki ez 4/. suggested [26] that impinging
ions break bonds and reconstruct the a-Si:H network, as the strength of Si-Si and Si-H
bonds (respectively 2.4 ¢V and 3.4 ¢V) is much lower than the incoming ion energy.
According to Hamers ef al. [27], the optimum ion energy is defined by the energy pet
deposited Si atom, Epmvz-, which should be between 5 eV and 15 eV. They observed an
improvement in structural properties for material deposited in that range, promoting
the formation of dense films. Unfortunately, this observation could not be confirmed
by our results, as the error margin on the actual input power measurement is quite large
in our case. However, we think that not only the total energy brought to the surface is
important, but also the enetrgy catried by each ion. The ions have indeed a local effect
on the impact site and a small amount of high-energy ions might not have similar
effects to that of a large amount of low-energy ions. In accordance with Smets ez 4/.
[20], the effects of ion bombardment can be distinguished into three phases depending
on the energy of the impinging ions: (1) enhancement of radical surface diffusion at
low-energy ion, similar to temperature effects; (2) bulk effect, such as atom
displacement in the network for ions of medium-energy and (3) sputtering of atoms
from the surface and sub-surface of the film for ions of high energy. In our case, a
moderate ion energy of 20 eV, which correspond to phase (1) of the general phase
diagram proposed by Smets ef a/. [20], is sufficient to improve the quality of the
deposited layer.
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Ton energy distribution function:

Another important aspect of ion bombardment is the ion energy distribution
function (IEDF) of the ions arriving on the substrate. For collision-free rf-modulated
sheaths, the ion IEDF has typically a saddle-shaped structure, as shown by Ero ez a/.
[19], Cobutn et al. 28] and later by Edelberg ez a/. [29]. Tsui ef al. obsetved an IEDF
that is non-symmetrical in amplitude about the mean ion energy el”;, [30]. Thus in an
Ar plasma with rf bias applied to the substrate, the IEDF is not a Gaussian around the
average energy el”, but a bimodal distribution. It is characterized by one peak at low
energy and another at high energy. This characteristic is expected when the period of
the tf signal (21/®) is much longer than the transit time T for an ion to traverse the
sheath [28]. This is the reason why the average ion energy may not be representative
of the actual energy of the ions bombarding the surface. In deposition conditions
where the mean ion energy for example is 40 eV, ions carrying much higher energies
can actually be present and be responsible for effects not expected on the basis of the
average energy, such as atom sputtering. Moreover, in an Ar-H,-SiH, plasma, ions
with different masses are expected to be present and this may result in an energy
distribution with multiple peaks. However, the subplantation or penetration of Ar ions
in the subsurface is not considered to be likely, as the Ar™ density in the plasma is low.
H-related ions on the contrary could more easily penetrate in the subsurface layers of
the deposited film [31]. This penetration could lead to either the passivation of
dangling bonds or the creation of compressive stress in the material and thus affect the
bulk properties of the deposited material. Strain leads to a dectease of the band gap [4],
which Potts ez al. observed with increasing rf bias at high deposition rate (> 30 A/s).
For the conditions presented in this study, the IEDF at the substrate has not yet been
measured. Wang e a/. showed that the ion energy distribution function at the substrate
can be controlled during plasma processing by applying a periodic waveform to the
substrate consisting of a short spike, to collect the electrons accumulated on the
surface, in combination with a longer slow voltage ramp [32]. This method results in a
narrow ion energy distribution compared to the IEDF obtained with the sinusoidal
waveform we employed so far.

Substrate temperature versus ion bombardment:

During a-Si:H deposition, the surface mobility is determined to a large extent by the
substrate temperature. At high substrate temperatures the surface mobility is large,
leading to the relaxation of the growing network into a low-energy configuration, while
promoting the emission of loosely adherent polyhydride species and hydrogen. The
role of rf power is less clear. Ion bombardment supplies extra enetgy to the impact site
on the substrate and from that point of view the effect is localized. However, it can be
compared to the effect of substrate temperature and Marton ez a/. defined four quality
regions for Si' ion beam epitaxy in the ion kinetic energy-temperature space [33]. They
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showed that at low substrate temperatures, the optimal energy window for the ions is
narrower than at higher temperatures, because at high temperatures damage inflicted
by the bombardment is annealed out and thus higher ion energies are needed to really
damage the surface. For tf PE-CVD film production, Turban has suggested [34] that
at relatively low substrate temperatures, ion bombardment may provide the required
activation energy for hydrogen elimination. Smets ez /. [20] proposed that low-energy
ion bombardment can lead to silicon surface displacement by reducing the activation
barrier to bring the surface species into a diffusional state. The consequence would be
a reduction in nano-size void incorporation. In our case, the surface temperature can
be lowered by 50°C and dense material is still obtained when a mild ion bombardment
accompanies the deposition. However, rf bias cannot substitute temperature as it has
other implications. High-energy ion bombardment leads to sputtering of species
weakly bonded to the film surface or even of Si from the bulk. On one hand, this can
lead to an improvement of film quality that cannot be achieved with increasing
substrate temperature (see Nyin Fig. 5.11). In that way, we believe that the defect-rich
layer, supposedly deposited in the initial stage of the ETP growth, is reduced or even
suppressed when an external rf bias is applied on the substrate. On the other hand,
sputtering can lead to an increase in void density and thus to a decrease in mass density
of the grown material. This latter effect is undesirable. The structure of the growing
film is modified by the ion bombardment. This explains the improvement in the
structural and electric parameters, irrespectively of the rf bias applied (expect for very
high 17;). In summary, only a mild ion bombardment is equivalent to substrate
temperature.

5.5 Conclusions

In order to increase the deposition rate of a-Si:H at a moderate substrate
temperature (250°C), while maintaining device-quality material properties, an external
rf bias may be applied on the substrate holder during ETP-CVD. The combination of
the ETP technique with ion bombardment opens up new possibilities for deposition
of a-Si:H p-i-n solar cells. The addition of tf bias on the substrate leads to an increase
in growth rate and the refractive index, a measure of the density of the film, reaches a
maximum for a dc self bias of 20 V. The fact that there is a maximum indicates a
competition between two effects: surface mobility enhancement, dominant at low
power, and atom sputtering from the film surface, dominant at high power. For solar
cell application, the former effect is considered as beneficial, whereas the latter has
deleterious consequences. The reduction of mid-gap absorption for a mild bias of
24V, as well as the reduction of Urbach energy, indicates that fewer defects are
incorporated into the material.

Ion bombardment has some effects in common with substrate temperature and the
application of a mild bias permits to reduce the substrate temperature by about 50°C

84



EXTERNAL RF SUBSTRATE-BIASED ETP...

whilst keeping the same material properties. However, ion bombardment changes the
structure of the a-Si:H network as lower defect densities can be achieved this way. It is
interesting to note, however, that the light conductivity is not improved with tf bias at
tempetatures above 300°C, indicating that the temperature effect is stronger than that
of ion bombardment. We think that the light conductivity is limited by the electron
mobility. However, good material can be grown at 250°C, which is very important for
p-i-n solar cells.

Ion-surface interactions play an important role in film formation. Depending on
the potential energy of the bombarding ions, we can expect the following processes to
occur:

1. Enhancement of surface diffusion,

2. Displacement of surface atoms (that in the ETP-deposition case may result in the
reduction of an initial defect-rich layer) and displacement of bulk atoms,

3. Bond breaking or sputtering,

4. Implantation of positive ions, such as Ar™ or H' (not considered at low ion
energy used in our case),

5. Breaking up of Siqu+ clusters in the vicinity of the growing surface.

A mild ion bombardment of 20-25V improves the film density, the bonding
configuration of hydrogen to silicon atoms and reduces the incorporation of defects
when a substrate temperature of 250°C is used. These effects are even morte
pronounced for ETP samples deposited without H, injected in the nozzle, which
confirms the beneficial effect of Hyy,,, in general on the a-Si:H properties. At higher
bias voltages (> 40 V), the microstructure parameter, R¥, increases again, indicating an
increase in void incorporation. The next step would be to study the ion energy
distribution function and to control it in order to tailor the ion energy that leads to the
growth of a-Si:H with optimized structural, optical and electric properties.
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Chapter 6

Microcrystalline p-type doped layer as
window layer of solar cells

6.1 Introduction

Microcrystalline p-type silicon (p-pe-Si:H) thin films have received much attention
due to their potential application as window layers of amorphous silicon based solar
cells [1] and tunnel-junction layers of tandem or multi-junction solar cells [2-4]. Solar
cells fabricated with a p-pc-Si:H layer are expected to yield higher performances
compared to solar cells with an amorphous SiC:H layer, because p-pc-Si:H layers show
a larger doping efficiency, thus a higher conductivity, and good optical properties,
namely smaller optical absorption.

In addition to these properties, we are interested in p-pc-Si:H layer for their thermal
resistance, as it was shown that high growth rate expanding thermal plasma (ETP) a-
Si:H material has a lower sub bandgap defect density and a higher mass density when
it is deposited at high temperature (=2 nm/s and 400°C). This high temperatutre
treatment can be a problem for the undetlying p-doped layet, so a thermal resistant p-
layer is needed.

In this chapter, we give in section 6.2 a brief description of the experimental details,
as well as the method used to determine the crystalline fraction of a microcrystalline
silicon layer. In section 6.3, we present the optimization of the p-pc-Si:H layer and the
influence of film thickness on crystallinity. Then p-pc-Si:H layers are annealed at
various temperatures and the behavior of the properties following high-temperature
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exposure is shown. Finally, in Section 6.4, we demonstrate the performance of this
material in solar cells: first within a cell deposited with standard rf PE-CVD at low
growth rate and low substrate temperature and then the preliminary results within cells
deposited with the ETP technique at growth rate above 3 nm/s and at 400°C.

6.2 Experimental details

We deposited p-pe-Si:H thin films by radio-frequency plasma-enhanced chemical
vapour deposition (rf PE-CVD) in the rf-chamber of the Cascade set-up, on Corning
glass type 1737 for determination of the opto-electronic properties of the layers and
for Raman spectroscopy and on [100] oriented low-resistance n-type c-Si for Fourier
transform infra-red (FTIR) spectroscopy. The rf power was set at 40 W and the
substrate temperature was fixed at 200°C. The electrode distance was 25.5 mm and the
pressure in the reactor 0.15 mbar. Unless indicated otherwise, the gas flows were as
follows: H,/SiH,/B,Hg = 100/1/0.2 scem.

The Raman spectra were measured using a Raman microscope (Renishaw
Ramascope system 2000), with a grating of 1800 lines/mm, in a backscattering
geometry, with a 2 mW Ar laser at a wavelength of 514.5 nm focused on a spot of
about 1 pm.

We determined the crystalline mass fraction, Xeryst> from the Raman spectra using
the method developed by Smit e 4/ [5]. In Raman spectroscopy, incoming photons
interact with the lattice, thus generating phonons (vibration of the lattice). The energy
difference between the incoming and scattered photons is known as the Raman shift.
For mono-crystalline silicon, a sharp peak is found at 520 cm! and for a-Si:H, a broad
peak is centered at 480 cm'L. This broad peak is mainly due to the transverse optical
(TO) phonon mode. For microcrystalline silicon, the Raman spectrum consists of a
combination of amorphous and crystalline contributions. In order to determine the
crystalline contribution, we subtract an amorphous silicon Raman spectrum from the
Raman spectrum of microcrystalline silicon. Here, we assume that the amorphous
silicon Raman signal is not very sensitive to deposition conditions, which has been
shown to be a valid assumption [5]. To obtain a flat background of the signal and a
scaling factor, £, which takes into account the thickness of the sample and the alignment
of the equipment, a least mean square routine is carried out in the spectrum regions
where no peaks are expected for crystalline silicon. x,,; is then calculated from the

crystalline and amorphous peak areas, A, and A, respectively, as described in

ann»
equation (1). A, corresponds to the amorphous TO peak obtained from Gaussian
fitting of a typical amorphous spectrum, multiplied by the scaling factor /A4, is the
integration of the microcrystalline contribution spectrum between 440 and 560 em!,

Finally the ratio of the two peak areas is corrected for the difference in cross sections
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for phonon excitation of crystalline silicon compared to that of a-Si:H and is taken at
0.8, as reported in literature [6,7].

m — Acryst (1)

X
et A, +0.8%4,

Solar cells were prepared on Asahi TCO. The intrinsic layer has a thickness of
450 nm and the n-layer 20 nm. The back contacts consist of a succession of evaporated
silver (100 nm) and aluminium (200 nm). The characterization of the cells is carried out
using an Oriel solar simulator (Model 81150), under AM 1.5 global conditions

(100 mW.cm™ and 25°C).

6.3 p-doped microcrystalline silicon thin films

6.3.1  Crystallinity as function of layer thickness

In a first deposition series, we varied the BoHg flow in order to get microcrystalline
p-doped layers. We found an activation energy of the dark conductivity below 0.1 eV
when using 0.2 scem ByHg, diluted in 100 scem H, and 1 scem SiHy, which indicates
that the films are microcrystalline. The second experiment was carried out in order to
estimate the amorphous incubation phase thickness for microcrystalline growth. It is
known that the presence of boron hinders crystalline growth and that it is difficult to
grow thin microcrystalline p-doped films [8]. First an amorphous layer is grown and
only after few nanometers crystals start to form. This incubation layer depends on the
substrate used, for instance using a crystalline substrate, the reactive species follow the
underlying lattice and a thin incubation layer is obtained. For samples grown on glass,
the incubation phase is usually thicker, but it can be reduced by tuning the gas dilution
and pressure in the reactor chamber (low pressure), as well as the electrode distance
(large electrode distance to get stable plasma). On thin transparent conductive oxide
(TCO) layers, such as SnO,:F used as front contact in p-i-n solar cells, p-pc-Si:H films
as thin as 20 nm could be grown with a significant crystalline fraction [4]. The
morphology and crystallinity of p-pc-Si:H depends on the thickness of the layer [9,10].

Raman spectroscopy was carried out on the second series to determine the
crystalline mass fraction, x,,,;, (Fig. 6.1). From this figure it is clear that the thin films
contain a microcrystalline phase. However, we can notice that for a thickness lower
than 10 nm, x,,,,, drops from 55% down to 15%. We deduce from these data that the
amorphous incubation layer is thinner than 10 nm. Note that there is a good
correlation between the dark conductivity, op, and the crystal fraction, Xopysp AS
function of the layer thickness, as can be seen in figure 6.1. In the crystalline region,
we may assume that most boron atoms are four-fold coordinated, which means that
these boron atoms are active dopants. In the amorphous region, however, a large
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fraction of these atoms are three-fold coordinated. As a consequence, the dark
conductivity is enhanced when the crystal fraction is increased.
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of p-puc-Si:H films versus sample thickness. microcrystalline Si p-type materials.

The crystalline region of the p-pc-Si:H film has a mobility gap of 1.1 eV, but at the
same time, crystalline silicon has an indirect band gap, which means that the absorption
in the crystalline region is less efficient than in the amorphous region. The Tauc optical
band gap is above 2.0 eV. The absorption profile of the p-pc-Si:H thin film as function
of photon energy is compared to that of an amorphous sample in figure 6.2. The light
absorption of the p-pc-Si:H layer is lower at high photon energy (in the visible range
of the solar spectrum), although it is higher in the infra-red part of the spectrum.
However, the solar spectrum has a low intensity at these low energies. We can expect
that a cell with a p-pc-Si:H window layer will have a higher current density. For
comparison, we show the absorption coefficient curve of an amorphous p-layer
without carbon. It is obvious that this material has an increased absorption in the
visible range compared to a-SiC:H.

6.3.2  Annealing of p-pic-Si:H thin films

In order to simulate the heating step that occurs before the deposition of a high-
rate ETP deposition at high temperature and thus to assess the temperature resistance
of the p-pc-Si:H layers, the samples were annealed at temperatures ranging from 250
to 400°C, for 0.5 h under 100 sccm He back flow to control substrate temperature. For
this experiment, a thin film has been deposited on five pieces in one run and each piece
was subsequently annealed at one given temperature, except for the ‘as deposited’
condition sample, which did not receive any annealing treatment.
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After annealing, the refractive index of the p-pc-Si:H film has been measured.
Compared to values prior to annealing, an increase of #,,;,-was observed depending on
the annealing temperature (Fig. 6.3). This increase indicates a densification of the
material. The thermal energy supplied to the sample enhances a reorganization of the
silicon network and we can expect that the doping is further activated. We speculate
that the change in refractive index is mainly due to a densification of the amorphous
part of the samples under the temperature treatment and we do not expect the
crystalline mass fraction to vary. The variations in x,,, with annealing temperature
shown in figure 6.4 are due to the difficulty to fit the Raman spectra when the signal-
to-noise ratio is low. The accuracy in x,,, determination is then within 20%, like in the
case of the sample annealed at 300°C.

With increasing annealing temperature, the dark conductivity increases (Fig. 6.5).
This is due to a better activation of the doping as seen with the decrease of the
activation energy, I, to values below 0.01 eV. The total hydrogen content, ¢y, is quite
low, below 3at%, as expected in microcrystalline material [11]. Hydrogen
concentrates in the amorphous part and grain boundaries, where it passivates the
dangling bonds and the crystalline part does not contain hydrogen. Within the
measurement accuracy, ¢y is independent of the annealing temperature, which means
that hydrogen does not migrate out of the p-pic-Si:H layer during annealing.

In summary, we carried out thermal annealing treatments of p-pic-Si:H thin films at
temperatures as high as 400°C to simulate the heating time before ETP i-layer
deposition. After this step, the properties of the material have changed: the material
densified thanks to the thermal energy supplied during annealing, the activation energy
decreased considerably, indicating that the boron doping is further activated during the
treatment and the dark conductivity increased by a factor of 10. The hydrogen content
is independent of the temperature and the optical band gap remains around 2 eV.
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Finally, these properties are still within the specifications for window layer in solar cells
[12].
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Figure 6.5: Activation energy, E,, dark conductivity, opy, and total hydrogen content,
¢y of p-pe-Si:H layers before and after 0.5 h annealing at different temperatures.

6.4 Integration of the p-Lic-Si:H layer in a solar cell

6.4.1 tf PE-CVD solar cells

In order to verify the influence of the p-pc-Si:H layer on solar-cell external
parameters, two solar cells were deposited with rf PE-CVD in the Cascade set-up, with
the intrinsic layer grown at 0.2 nm/s and 200°C. The first cell had a standard a-SiC:H
p-doped window layer, while the second had a p-pc-Si:H layer as described in section
6.2. The a-SiC:H p-type layer had a thickness of 12 nm and the p-pc-Si:H layer had a
thickness of 20 nm. A dummy deposition was carried out in the rf chamber between
the p- and i-layer depositions to bury the B atoms, thereby avoiding contamination of
the consecutive i-layer. The cell’s external parameters can be found in table 6.1.

p-type layer V. (V) J.(mA/cm?)  FF (-) n (%)
Amorphous SiC 0.84 14.4 0.56 6.8
Microcrystalline Si 0.75 13.4 0.60 6.1

Table 6.1: External parameters of tf PE-CVD solar cells with either an a-SiC:H or a
pe-Si:H p-layer.

The implementation of a p-pc-Si:H layer in the cell permits to increase the fill
factor, FF, by 7%. This increase can be attributed to an increase of the internal electric
field as the activation energy of p-pc-Si:H is much lower than that of a-SiC:H.
However, although microcrystalline p-type silicon provides a good contact with the
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transparent conductive oxide electrode [12] compared to an a-SiC:H p-layer, the open-
circuit voltage, 17, decreases and the short-circuit current density, [, is reduced
compared to the amorphous case.

The ratio of the external quantum efficiency (QE) at 0 V bias to that at an applied
negative bias (=1 V) is a measure for the carrier recombination in the cell at each
wavelength [13]. This QE ratio is shown in figure 6.6. The 400-450 nm wavelength
region is absorbed in the first nanometers of the i-layer. We can see that the cell with
a p-pe-Si:H layer shows in that region a strong voltage-dependent charge collection
behavior. This voltage-dependence behavior is not observed for a cell with an a-SiC:H
p-layer. A reverse bias of =1 V is necessaty to retrieve all the charge carriers generated
at the micro-p-i interface. This seems to be a contradiction: although the p-pc-Si:H cell
has more recombination at or near the p-i interface, yet this cell has a higher FF.
However, this same cell performs better for longer wavelengths, which can explain the
higher FF. Thanks to a higher internal electric field, less carriers are lost deeper in the
cell with a p-pe-Si:H layer.
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Figure 6.6: Spectra of external quantum
efficiency ratios (0 V / =1V reverse bias)
for two cells with either an amorphous or
a microcrystalline p-layer.

Figure 6.7: QE spectra of tf PECVD cells
at —1V external bias voltage with either
an amorphous or a microcrystalline p-
layer. The 450 nm thick i-layer is deposited
at 200°C and 0.2 nm/s.

The spectral response of these two cells at —1 V indicates that less light enters the
i-layer of the cell with a microcrystalline p-layer, compared to a totally amorphous cell
(Fig. 6.7). Therefore some light is absorbed either in the p-pc-Si:H or in the TCO.

As a consequence, the overall efficiency of the cell is more or less the same when a
p-nc-Si:H is implemented. This p-layer has shown good properties to high-
temperatures exposure, which means that this structure can be used for cells with
intrinsic layers deposited at high growth rate and high temperature.
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6.4.2  Influence of p-pc-Si:H thickness in solar cells

The thickness of the p-type layer plays an important role in the operation of a solar
cell. The structure of a p-i-n solar cell is indeed such that an internal electric field is
generated in the cell, allowing the charge carriers that are generated after absorption of
the photons in the intrinsic layer, to be separated and collected at the electrodes. The
light absorption in the p-layer should be minimized. So the p-layer should have a high
band gap and it also needs to be as thin as possible. However, the p-layer thickness
cannot be reduced too much, because band bending at the TCO-p interface will affect
the internal electric field distribution. The difficulty of growing microcrystalline silicon
from the beginning without an amorphous incubation phase is also limiting the
thickness of the p-pc-Si:H layer to a minimum value. A compromise between the two
conflicting requirements (low absorption and high conductivity) has to be made to
obtain a maximal performance.

To study the influence of the p-layer thickness, three solar cells were deposited with
a p-pe-Si:H of respectively 8, 18 and 56 nm thick. As the p-layer thickness is increased,
the 17, . also increases, due to the improvement of the built-in potential difference over
the i-layer (see figure 6.8). However, the [, as well as the FF, decreases. The decrease
in J . indicates a higher absorption in the p-doped layer, which is observed in the
spectral response of the cells taken at —1 V reverse bias (Fig. 6.9). It can be seen that
for a p-pc-Si:H thickness of 18 nm and more, the quantum efficiency drastically
decreases in the blue and green parts of the spectrum, compared to that of the cell with
the thinnest p-layer. On the other hand, more charge carriers are lost at 0 V bias
relatively to QE at —1 V for a p-pe-Si:H layer of 8 nm thick.
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Figure 6.8: J-17 curves of tf PE-CVD cells  Figure 6.9: Spectral response of p-puc-Si:H
with different p-pc-Si:H layer thickness. thickness series solar cells under —1 V bias.

To conclude, to ensure high conductivity and high transparency, the

microcrystalline p-layer is chosen to be 18 nm thick. We know indeed that for thin p-
pe-Si:H layers, the crystalline fraction is much lower and thus also the conductivity
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(crystalline fraction above 50% only for a thickness larger than 15 nm, see Fig. 6.1). We
also observed that for a thicker p-layer, more light is absorbed in that layer and the cell
performance decreases.

6.4.3 Integration of the p-pc-Si:H layer in an ETP solar cell

A relatively high substrate temperature of 350- 400°C is needed to obtain optimum
properties of ETP a-Si:H grown at high rate (=2 nm/s) [14]. At lower substrate
temperature, a lower Si atomic density is obtained. This lower density is directly related
to a relatively high hydrogen content, mainly bonded in the Si-H, configuration or
clusters, and leads to a high microstructure value, R* An R* value lower than 0.1 is
usually reported for high-quality rf PE-CVD a-Si:H [15]. Increasing the substrate
temperature permits to decrease the relative concentration of Si-H, bonds compared
to the concentration of Si-H bonds, thereby reducing the R* value. The light
conductivity is also higher at these conditions, although still slightly lower than that
reported for rf PE-CVD films [15].

In a solar cell deposited in a supetstrate configuration, the p-type and i-layers are
deposited consecutively. When the i-layer is grown at high temperature, like required
for fast deposited ETP a-Si:H, the underlying p-layer has to sustain this high-
temperature treatment and keep its properties. So far, the p-i-n solar cells deposited
with these conditions have quite a low performance, mainly due to the extremely low
current density. We think that the amorphous p-layer is damaged during deposition of
the i-layer. Therefore we introduce a p-pc-Si:H, which showed good resistance to high-
temperature exposure, instead of a standard a-SiC:H layer in the ETP solar cells.

Two solar cells were deposited with the intrinsic layer grown by means of the ETP
technique at high growth rate (3.3 nm/s) and high temperature (400°C). The first cell
had a standard a-SiC:H p-doped window layer, while the second had a p-pc-Si:H layer
as described earlier. The thickness of the p-layer was 12 nm for the amorphous layer
and 18 nm for the microcrystalline one. The J-1” curves of these cells can be found in
tigure 6.10.

The implementation of a p-pc-Si:H layer in the cell gives rise to an increase of 7.
and of FF of about 10% (Fig. 6.10). Microcrystalline p-type silicon provides indeed a
good contact with the transparent conductive oxide electrode, leading to higher 17,...
The series resistance, Ry, is decreased, which we ascribe to a better contact between the
TCO and the p-layer. The increase in FF can be interpreted as an increase of the built-
in potential, leading to a decrease of carrier recombination, as seen eatlier in the rf PE-
CVD cells. However, J . is lower than in the amorphous case. This decrease in current
density is not thought to be due to extra absorption losses in the p-layer, as it was
shown that the p-pc-Si:H absorbs less light than p-type a-SiC:H, but due to the
reduction of the transparent conductive oxide after exposure to a Hy-rich plasma,
needed for the deposition of p-pc-Si:H. During deposition of a-SiC:H, the TCO layer
is indeed not exposed to H, plasma, but only to a SiH, plasma. Therefore, even if some

95



CHAPTER 6

atomic hydrogen are produced, their density should be too small to affect the TCO
significantly, in comparison with deposition of p-pec-Si:H. Moreover, deposition of
a-SiC:H is 10 times faster than of p-pc-Si:H, so the TCO is quickly covered by a silicon
layer, which can prevent further reduction of the SnO,:F.
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Figure 6.10: J-17 characteristics of ETP Figure 6.11: Transmittance spectra of
cells, with either a-SiC:H p-layer or pc- TCO layers before and after H, plasma
Si:H. The 450 nm thick i-layer is deposited treatment of 15 min at 200°C, 40 W and
at 400°C and at a growth rate of 3.3 nm/s. 0.15 mbar.

In order to verify that assumption, we exposed a substrate glass + Asahi U-type
TCO to identical H, plasma conditions as for p-pc-Si:H growth, except that no
process gas was introduced in the rf chamber (H, = 100 sccm). The transmittance of
the TCO layer is decreased after exposure to the H, plasma (Fig. 6.11), especially for
wavelengths between 400 and 800 nm, which means that less light enters the i-layer.
We observed also a blackening of the TCO. It is interesting to remark that Das e7 a/.
observed a much more severe reduction of TCO after exposure to Hy-plasma [16].
However, they carried out the experiments at higher pressure (0.67 mbar); we used a
reactor pressure of only 0.15 mbar, which means that the residence time of the atomic
hydrogen is much lower in our case, so the damage caused by the atomic hydrogen is
expected to be of lower magnitude. Schade ¢# a/. found that the exposure of SnO,:F to
a H, plasma leads to chemical reduction to SnO and metallic Sn at a temperature as
low as 150°C [17,18]. The oxygen depleted surface layer acts then as a soutce for Sn
diffusion into subsequently deposited layers. This reduction of TCO leads to a
decrease in light transmission, but can also lead to an increase in sheet resistance [19].
The darkening of the TCO can be avoided by protecting the layer with a ZnO layer
[20], but we did not have the possibility to get ZnO coating at the time we carried out
these experiments.

In addition to the darkening of the TCO, some elements, such as B or H, may
diffuse out of the p-layer during deposition of the intrinsic layer at 400°C. Effusion of
hydrogen out of the p-layer is not considered as we observed that the hydrogen
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content of p-pe-Si:H remained unchanged following a heat treatment up to 400°C
(Fig. 6.5). However, we do not know if some diffusion processes can take place when
a layer is deposited on the p-pe-Si:H compared to a high-temperature exposure in
vacuum. Boron diffusion out of the a-Si:H p-layer into the i-layer was already observed
when the latter is deposited at 250°C [21,22]. However, this is not the case with a p-
pe-Si:H layer as shown by Rath ez a/ [4], although they used a buffer layer as electron
back-diffusion barrier. This buffer layer was necessary to compensate for the valence
band offset between the p-pc-Si:H and the intrinsic a-Si:H layers and to reduce the
recombination in the p-layer. The diffusion coefficient of boron in crystalline silicon is
estimated to be about 10 orders of magnitude lower than that in an amorphous silicon
[23], so we can estimate that the boron diffusion coefficient is lower in microcrystalline
silicon than in a-Si:H. However, the possibility that boron diffuses into the intrinsic
a-Si:H cannot be ruled out. This boron diffusion might lead to the creation of a
defective region at the p-i interface in our case. This effect of i-layer growth conditions
on the p-i interface properties are expected to be much less crucial in n-i-p structures.

In overall, the same efficiency is achieved for solar cells deposited at high growth
rate and high temperature with an a-SiC:H p-layer or with a p-pc-Si:H layer. These are
preliminary results on the potential of microcrystalline p-layers in ETP cells and
further investigations should be carried out, with for instance a protective ZnO layer
on the SnO,:F and a buffer layer at the p-i interface, to exploit all the potential of this
cell structure.

6.5 Conclusions

Microcrystalline silicon p-doped (p-pc-Si:H) thin films were developed in the rf-
chamber of the CASCADE set-up for their high conductivity and low absorption,
making them a suitable candidate as window layer in high-rate ETP solar cells. A low
activation energy (< 0.1 eV) and a crystalline fraction above 50% were obtained.
Annealing these layers for 0.5 h at 400°C enhances the doping efficiency. In the visible
range of the solar spectrum, p-pc-Si:H layers absorb less light than p-type a-SiC:H.

Solar cells prepared with conventional rf PE-CVD i-layer (low growth rate and
deposition temperature) show equivalent performance when a p-pc-Si:H window layer
is used as when an a-SiC:H p-layer is incorporated in the cell; although a lower current
density is obtained, the fill factor increases.

We incorporated this p-pe-Si:H layer in a solar cell with the intrinsic layer deposited
with the ETP technique at 3.3 nm/s and 400°C. Compared to a solar cell with
conventional p-type a-SiC:H layer, the 1/, and FF increase, but the [, decreases. It is
shown that SnO,:F is reduced during the p-pc-Si:H layer deposition by exposure to H,
plasma, which overcomes the beneficial effect of low absorption of the
microcrystalline layer. Metallic Sn from the oxygen depleted region at the TCO-p
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interface can diffuse in the p-layer. Moreover, during the deposition of the high-rate
ETP i-layer, boron can diffuse in the i-layer, deteriorating the p-i interface. No
improvement in the performance of the solar cell is observed with a microcrystalline
Silayer compared to an amorphous one. Here we have to point out that this does not
mean that p-puc-Si:H does not resist to a high temperature treatment, but that other
processes, such as TCO reduction, overcome the beneficial effect of the incorporation
of p-pc-Si:H in an ETP cell. It is suggested that a thin ZnO layer should be applied
onto the SnO,:F to prevent the reduction of the TCO. It is also advised to use a buffer
layer at the p-i interface to avoid electron-back diffusion and boron diffusion into the
i-layer.
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Chapter 7

ETP solar cells deposited at high
growth rates

7.1 Introduction

Over the past two decades much effort has been concentrated on increasing the
deposition rate of hydrogenated amorphous silicon (a-Si:H) for p-i-n thin film solar
cells from 2 A/s up to 10 A/s and more. Several techniques have been developed to
reach this goal. In 1988, Bhat ¢f /. manufactured a-Si:H with radio-frequency plasma
enhanced chemical vapor deposition (rf PE-CVD) at ~ 10 and ~ 20 A/s, giving p-i-n
solar cell efficiencies of respectively 9 and 8% [1]. However, the cost related to disilane,
the gas utilized as precursor in that case, reduced the potential for industrial
production. In 1998, hot-wire (HW) CVD proved to be a suitable technique to grow
intrinsic material up to 8.5 A/s, leading to 8% cell efficiency [2]. Recently Franken ez
al. obtained efficiencies of HW-CVD a-Si:H solar cells ranging from 7.5% to 8.5% at
growth rates from 32 A/s to 16 A/s, using a 5-nm thick ZnO:Al protection layer on
Asahi TCO [3]. High efficiencies at high growth rates were obtained also for very high
frequency (VHF) CVD, with which single-junction a-Si:H solar cells were grown on
large area with an initial efficiency of 7.1% at a deposition rate of 6 to 7 A/s [4] and
recently 8% efficiency for a deposition rate of 10 A/s [5]. We note that in most of these
solar cells a highly reflective back contact is employed.

With the expanding thermal plasma (ETP) CVD technique, high growth rates (up
to 100 A/s, [6]) have also been achieved for a-Si:H deposition. ETP-CVD is a relatively
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new technique with great potential and few problems are foreseen in the up-scaling of
the method, as it is already used industrially for silicon nitride deposition [7]. As for
most techniques, when using ETP-CVD, high temperatures (> 300°C) are requited in
order to obtain material with sufficiently low defect density for solar cell application at
rates in excess of 10 A/s. For the production of p-i-n a-Si:H solar cells, these high
temperatures can lead to the deterioration of the underlying p-layer, thereby reducing
the solar-cell performance. In addition, there are indications that during the initial
growth stage of high-rate ETP a-Si:H, the defect density is relatively high, resulting in
a defect-rich layer (DRL) in the first nanometers of the thin film.

Two routes are considered to overcome these difficulties. The first one consists in
growing a dense buffer layer between the p- and the ETP i-layer to protect the TCO/
p-layer. This technique is commonly used in the solar cell fabrication. The second
route consists in reducing the substrate temperature for i-layer deposition, while
maintaining the electro-optical properties of this layer. This can be achieved by
employing an external rf bias on the substrate, as an additional ion bombardment can
be induced and under these conditions device-quality material can be obtained at
moderate temperatures of 200-250°C.

In this chapter, we will explain the two routes in more detail and the results
obtained so far. In the first section, after discussing the DRL assumption, we will
present the results of simulations, carried out with the ASA modeling program,
describing the dependence of the position and the thickness of the DRL on solar cell’s
performance. The choice of the buffer layer and of its thickness are then studied in
superstrate solar cells of which the intrinsic layer is grown using ETP-CVD. In the
second section, we will focus on the performance of single junction solar cells prepared
with the ETP-layer grown with an external rf bias on the substrate. The analysis deals
with the input power applied, in other words with the ion bombardment inflicted to
the growing surface, but also on the influence of an annealing treatment on the cell’s
performance.

7.2  Buffer layer

Itis well known that p-i interface properties largely dominate solar cell performance
because most photocarriers are generated in this p-i interface region. In the p-i-n
deposition sequence, where the intrinsic layer is directly grown on the p-layer, the
effects of the i-layer growth conditions on the p-i interface properties are therefore
expected to be crucial, because during the initial stages of the growth of the intrinsic
layer the defect density can be high. We will refer to this region as the defect-rich layer
(DRL). In order to improve the p-i interface properties a dense buffer layer with a low
defect density is deposited at low rate and low substrate temperature prior to the high
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rate, high substrate temperature intrinsic layer. As we will show, the implementation of
such a buffer layer enhances the performance of the solar cell.

7.2.1 Indications of a defect-rich layer (DRL)

The properties of ETP-CVD material were found to be comparable to those of
a-St:H deposited by tf PE-CVD [8]. However, single junction solar cells fabricated
with an ETP intrinsic layer systematically have a lower fill factor, FF, whereas the
short-circuit current density, /.., and the open-circuit voltage, 17, can be as good as
those of cells with an rf PE-CVD i-layer. This lower performance is not attributed to
a higher defect density, N, of the ETP a-Si:H bulk because DBP measurements on
ETP a-Si:H layers show that N, is lower than 1016 em, comparable to N, of tf PE-
CVD a-Si:H. In order to explain the lower ETP solar-cell performance, Korevaar
suggested that during the first stages of the growth with the ETP technique more
defects are incorporated in the material than later in the bulk [8]. He showed by
computer simulation that the defect density near the p-i interface, where most charge
carriers are generated, can influence the fill factor: a higher N ;in that region of the cell
leads to more recombination in this region and subsequently to a lower FF. Korevaar
related this ETP characteristic to a high roughness of the microscopic surface (~ 4 nm)
[9] compared to that of tf PE-CVD material (~ 1 nm) [10]]. The work of Smets ¢ a/.,
using cavity ring down spectroscopy measurements, indicates also the possibility of the
creation of such a layer [11], as well as the work of Shimizu ¢ /. who used electron
spin resonance measurements [12]. Smets found that the DRL could have a defect
density as high as 1086 10! em™.

In order to confirm or refute the assumption of a DRL, the opto-electric properties
of an ETP a-Si:H reference layer were plotted as function of the film thickness. The
light conductivity, oy, the optical band-gap, E,,, and the refractive index, 7,,;, were
investigated for layers of thickness ranging from 20 nm to 850 nm. The thinner the
sample, the larger the effect of the surface region compared to the bulk, and thus the
larger the effect of the supposed DRL. However, despite the wide range in the
thickness of the investigated layers, no strong indication of a DRL was found. The
values of the considered parameters vary within the measurement accuracy. Moreover,
other characterization methods, such as dual-beam photoconductivity or Fourier
transform infrared spectroscopy, which permit to assess directly the defect density of
the layers, can be performed only on thick samples (> 400 nm) to give reliable results.

It appears that the assumption of the existence of a defect-rich layer as initial
growth of the ETP a-Si:H cannot be confirmed or refuted with the characterization
methods used so far. However, simulations carried out by Korevaar with the ASA
modeling (Amorphous Semiconductor Analysis) showed that the differences in
performance of an ETP and an tf PE-CVD cell can be explained by a larger defect
density near the p-i interface for the ETP cell [8]. And recently, Aarts ef al. [13] carried
out real-time measurements by thin film cavity ring down spectroscopy to detect

103



CHAPTER 7

defect-related absorptions associated with dangling bonds. They claim the existence of

a defect-rich layer with a defect density of 1012 em™,

7.2.2  Simulations of a DRL and buffer layer in a-Si:H solar cells

It has been demonstrated experimentally [14] that implementation of a buffer layer
in between the p- and high-rate ETP i-layer improves the performance of the solar
cells, in particular due to an enhancement of the open-circuit voltage, 17, and the fill
factor, FF. We think that this buffer layer protects the p-layer from thermal damage by
reducing the diffusion of hydrogen out of the p-layer. However, a performance
improvement was observed also for solar cells with a low temperature (250°C), high-
rate (0.9 nm/s) intrinsic layer in which a buffer layer was implemented [14]. We think
that in this case implementing the buffer layer in the cell moves the thin defect-rich
layer, presumably formed during the first stages of deposition, away from the critical
p-1 interface, reducing the recombination and improving the FF. The quality of the
remainder of the intrinsic layer is good.

In this section we present simulations, carried out with the Advanced
Semiconductor Analysis (ASA) program [15], that aim to investigate the position
dependence of the DRL on the solar-cell performance. By increasing the thickness of
the buffer layer, the DRL is shifted through the intrinsic layer. We also investigate the
influence of the DRL thickness on the cell performance. These simulations may shed
light on the properties of the material deposited during the initial stages of the growth
with ETP-CVD. Other workers (e.g., see [10]) have simulated the effect of a buffer
layer in the p-i region, with for example different band gap profiles, but in contrast to
the work presented here, the aim was to optimize the cell performance.

The ASA program is an one dimensional (1-D) simulation program that calculates
the internal electrical properties and external characteristics of multi-layer,
heterojunctions a-Si:H solar cells by solving the system of semiconductor equations
(Poisson’s, continuity and transport equations) for the steady state. The main features
of the ASA program include calculation of light generation profile, models describing
a complete density of states distribution as function of energy and calculation of the
defect-state distribution in a layer according to the defect-pool model [17]. The
continuous change of all input parameters as a function of position in the device can

be defined.

Solar cell structure

The structure of the cells simulated with the ASA program is presented in figure
7.1: a glass substrate covered with a transparent conductive oxide, an a-Si:H based p-,
i- and n-layer and finally the Al back contact. The intrinsic layer is divided in three
parts: the buffer layer with thickness varying between 0 and 390 nm, the initial grown
DRL, which has a thickness of 30 nm, and finally the bulk of the ETP i-layer with a
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thickness varying between 410 and 20 nm. The total thickness of the intrinsic layer is
kept constant at 440 nm.

Input parameters

In table 7.1, the input parameters for the ASA program are listed. Table 7.1 includes
the band gap, E,, the electron and hole extended-state mobility, £, and £, the density
of states at the mobility conduction band edge, N * and at the mobility valence band
edge, N7/ ”h, and the characteristic energy Eand Ey - of the conduction and valence
band tail, respectively. The effective densities of extended states for the conduction
band, N, and for the valence band, Ny, were kept constant at 4 x 10%° m™ and the
electron affinity, y,, was taken to be 4 ¢V. We assume that the Urbach energy of the
DRL is higher than in the bulk of the intrinsic layer in order to account for the higher

defect density.

Al 300 nnj

a-Si:H n-layer, 20 nm

ETP a-Si:H i-layer,

between 410 and 20 nm
Intrinsic layer

DRL, 30 nm

Buffer layer a-Si:H,
| between0and390nm |
a-SiC:H p-layer, 10 nm
TCO, 665 nm

Glass, 1.5 mm

Figure 7.1: Schematic diagram of an a-Si:H solar cell as depicted in the ASA modeling.

The density-of-states distribution is calculated using the defect-pool model (DPM)
from Powell and Deane [17]. The following DPM parameters have been used: the
position of the peak of the defect pool, Ep, is taken at 1.25 eV, except for the p-layer
in which case it is at 1.27 eV, the width of the defect pool, o, can be found in table 7.4.
The correlation energy between the transition energy levels representing the dangling
bondsis E,,,.= 0.2 eV.

Effect of a buffer layer

Two kinds of simulations were carried out. In the first series, the buffer-layer
thickness was increased, moving the DRL away from the p-i interface. The DRL
thickness was fixed at 30 nm.
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Layers E, Je [ty N[;nob Nénob Evo Ec o
(V) (m2V-1s1) (m3.eV) (m3.eV) (meV) (meV)  (eV)
p-type 1.97  1x103 / 1x104 1x1028  1x1028 80 70 0.179
buffer 1.75  2x103 / 5x104 5x1027  7x1027 50 32 0.160
DRL 1.75  1x10% / 1x104 5x1027  7x10%7 80 53 0.165
bulk ETP  1.75 2x103 / 5x104 5x107  7x10%7 45 30 0.160

n-type 175 1x103 / 1x104  7x1027  7x10%7 90 80 0.175

Table 7.1: Parameters used in the ASA modeling.

The external parameters of the simulated solar cells can be found in table 7.2. When
a buffer layer is incorporated in the cell, the 7 first increases slightly, but then
remains constant for a buffer-layer thickness in excess of 10 nm. The short-circuit
current density, /., decreases somewhat, though the FF increases significantly. The
efficiency, 7, also increases. The same trends have been observed experimentally on
ETP solar cells [14].

Buffer layer (nm) Ve (V) Jie (MA/cm?) FF () 1 (%)
0 0.795 11.9 0.627 5.94
10 0.801 11.7 0.658 6.18
50 0.801 11.4 0.688 6.27
75 0.802 11.4 0.693 6.32

Table 7.2: External parameters of the simulated solar cells with varying buffer layer
thickness.

The band diagram of the two simulated cells, one with and one without buffer layer,
is shown in figure 7.2. We can see that near the p-i interface, in the region denoted as
A, the bending of the conduction and valence bands is less strong for the cell without
buffer layer compared to the one with a 50-nm thick buffer layer. This strong band
bending implies that the internal electric field is stronger in that region when a buffer
layer is applied (see figure 7.3) and therefore the charge carriers are swept out of this
region faster than when there is no buffer layer. The recombination probability is then
less and the FF increases. Moreover, when no buffer layer is incorporated in the cell,
the defect density drastically increases at the p-i interface because of the DRL, thereby
increasing the recombination which results in less charge carrier collection.
Incorporation of a buffer layer moves the DRL away from the sensitive p-i area,
thereby diminishing the recombination at the interface and improving the FF.
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Deeper in the cell, in the region denoted as B, we can see that the band bending is
stronger for the cell without a buffer layer, resulting in a stronger electric field. This
means that for the cell without buffer layer more charge carriers are collected from
deeper in the cell than for the cell with buffer layer at the expense of charge-carrier
collection near the p-i interface. However, deeper in the cell fewer carriers are
generated, but as these carriers experience a higher electric field, it is more likely that
these carriers are collected, which implies that ] is higher for the cell without buffer
layer.

1.6 . . . . 10°% . . . . .
\ A B ----BL=0 nm

1217\ ——BL=50nm | T — ' A B Buffer layer:
= 08 1§ l T
2 g 50 nm
§ 041 | % , DRL =30 nm
) ‘g 10"
& 0.0 1 =
L) O
I ]

0.4 1 =
8 A 5

084 ° 1 S

b} 6
1.2 < £ 107
-16 T T T T T T T T T T T
0 100 200 300 400 500 0 50 100 150 200 250 300
Position in the cell (nm) Position in the cell (nm)

Figure 7.2: Band diagram of the simulated  Figure 7.3: Internal electric field
cells at thermal equilibrium with and without  distribution for cells with and without
buffer layer. The DRL is 30 nm thick. buffer layer. The DRL is 30 nm thick.

There are several competing effects that determine the performance of a cell: the
strength of the electric field and the defect density, the generation and recombination
profiles. When the electric field is high, the carriers have more chance to be separated
and collected, but if the defect density is also high, the carriers have more chance to
recombine. The collection probability depends on where the DRL is situated and how
thick it is. In our case, it seems that a buffer layer of 75 nm thick permits to increase
the FF, but the [ is slightly decreased, so an even thicker buffer layer would not
increase the performance anymore.

Effect of the defect-rich layer

In the second series of simulations, we studied the effect of the variation of the
thickness of the DRL, grown during the initial stages of the deposition with ETP. It
appears that the thicker this defective layer, the lower the solar cell performance in
terms of 17, FF and J,. (see figure 7.4). A 10-nm thick buffer layer is sufficient to

improve the 1/,.. For thicker buffer layers, the 1/ . increases only slightly. The ],
decreases to reach a minimum value for the 30-nm thick DRL. For the 5-nm and
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15-nm thick DRL J . keeps on decreasing with the buffer layer thickness. The FF is
largely affected by the DRL thickness and the same trend is observed for the three
thicknesses. The FF becomes maximal for a buffer layer of about 75 nm. With a buffer
layer at the p-i interface, the DRL is situated further in the cell, so more carriers
recombine in the middle of the cell, where the defect density is highest, which means
that fewer carriers are collected and the current density decreases. Moreover, the FF is
first increased as a function of buffer layer thickness because more carriers ate
separated at the p-i interface. Above a certain buffer layer thickness (~75 nm), the
DRL is too far from the p-i interface to have an influence on the recombination there
but it starts to influence the i-n interface and the FF diminishes.

0.810 % 12.8 0.74
= 0.808] o] Tl ]
[ AA - / g % . 072} r“A\A\A 1
D 08061 mak /./o/ 1 g 124r o, i < oo —
S o ° — 9 .,
S 0804 Mmee®T _ m 1 Eqaaf o s 1 ogomp & e, ]
z [ 2> .\ \ % !;/ I\. \
= 0802 u T 1200 | e A 1 W o068l ¥ - o
o 2 A = / \
£ o800} DRL: S1s " T 1 el l-' "
c —A—5nm = . -
& 0798} €116 W . -
2 —e—15nm g . " 0.64}
O o079} = 30nm 5114 "ggu ] ’ l
L] (&) o
0.794 = . . L L 1.2 . . . L 0.62
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
Buffer layer thickness (nm) Buffer layer thickness (nm) Buffer layer thickness (nm)

Figure 7.4: Simulations of the external parameters of a p-i-n cell as a function of the
buffer layer thickness, this for three different thicknesses of DRL. The total thickness
of the intrinsic layer is 440 nm.

If the DRL cannot be avoided, it is better to situate it within the first quarter of the
intrinsic layer. The FF is indeed optimal around 75 nm buffer layer thickness, 17 is
more or less constant and [, is decreasing,

To understand the effect of the DRL thickness on the cell performance, we
compare two cells that have a buffer layer of 10 nm; the thickness of the DRL is
respectively 5 nm and 30 nm. The band diagram of these cells at thermal equilibrium
is presented in figure 7.5. The DRL thickness has little influence on the band diagram
in the buffer layer, but in the ETP layer we can see that for a thinner DRL the slope of
the band is less steep. The DRL thickness does not influence the band diagram after
200 nm in the cell. Close to the p-i interface, the internal electric field is stronger for
the cell with a thick DRL (see figure 7.6). This means that the carriers are swept away
from this region faster than in the cell with a thin DRL. However, the J,. and the FF
are lower. We believe that this is due to the fact that more carriers are trapped or
recombine in the DRL.

The presence of the DRL influences the current collection not only in this layer,
but also in the rest of the cell. Deeper in the cell (before ~200 nm), the electric field is
higher for cell with a thin DRL, which allows more carrier collection and thus a higher

]SC'
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Figure 7.5: Band diagram of the simulated  Figure 7.6: Internal electric field distribution
cells at thermal equilibrium with resp. a 5-  for cells with resp. a 5- and 30-nm thick
and 30-nm thick DRL. The buffer layer is ~ DRI. The buffer layer is 10-nm thick.
10-nm thick.

In conclusion, we have carried out two setries of simulations. The first series shows
that the incorporation of a buffer layer at the p-i interface increases the performance
of the cell by augmenting the internal electric field at the interface and shifting the
defect-rich layer further in the bulk of the cell away from the sensitive p-i interface.

The second set of simulations shows that a thicker DRL suppresses the
performance of the cell. Further the simulations show that also at the i-n interface the
DRL thickness has a strong influence on the FF, which is cleatly lower for a thicker
DRL. This means that a larger defective layer enhances the recombination at the i-n
interface.

7.2.3  Choice of a buffer layer

The intermediate layer that will be used as a buffer layer between the p- and i-layers
should have a low structural disorder and a low defect density. For that purpose, the
buffer layer is grown by tf PE-CVD at low substrate temperature and low growth rate.
A lower defect density at the interface results in less recombination in this region and
thus we can expect a solar cell with a higher FF. Moreover, other research groups used
buffer layers as a seed layer for better start of the high-rate i-layer or to protect the p-
layer from thermal damage as the buffer layer is deposited at similar temperature as the
p-layer, which is usually much lower than for the high-rate i-layer. Wang ez a/. [18] used
a buffer layer to engineer the band gap, which means that the buffer layer serves to
decrease the band gap smoothly from ~ 2 eV (p-layer) to ~ 1.75 eV (i-layer). When the
band discontinuity between the a-SiC:H p-layer and the a-St:H i-layer is large, the
surface recombination at the p-i interface is also large and the recombination current
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in the interface region is much larger than that in the bulk region of the i-layer. A buffer
layer permits to reduce the recombination rate at the interface because the carrier
density in that region is actually reduced. A buffer layer has also been used in order to
prevent electron back diffusion to the p-layer, and thus increasing the open-circuit
voltage [19]. Finally, a buffer layer can act as a barrier for the diffusion of hydrogen out
of the p-layer to the less hydrogen concentrated region formed by the high-rate i-layer,
and especially the DRL. Hundhausen e a/. explained that the hydrogen outdiffusion
during the deposition process increases if a material of lower density (such as the DRL)
is grown on top of a dense material [20].

Two buffer layers were studied as potential buffer layer between the p- and the
i-layers. The deposition conditions, as well as some optical properties, are presented in
table 7.3. These layers are deposited with the tf PE-CVD technique in the rf chamber
of the CASCADE set-up. First a standard a-Si:H layer was deposited. Although it has
alow band gap of 1.75 eV, which is comparable to that of the ETP material, this layer
is a good candidate as buffer because of its quite high refractive index at 2 eV,
representative of a dense material. And secondly, an amorphous silicon layer deposited
from an H,-diluted plasma was studied. This layer is also considered as a good buffer
layer candidate as it is known to be a more ordered material than standard a-Si:H
(considering the short-range order). We also tried a silicon carbide layer, as this layer
has the advantage of a very high band gap (~ 2 eV), so it can be used to prevent
electron back diffusion to the p-layer. The same conditions as for the p-layer
deposition were used, except that no diborane flow was introduced in the reactor
chamber. It is reported in literature [21-23] that a higher [ . can be obtained when
using an a-SiC:H layer at the p-i interface. However this effect was not observed here
and the origin of this behavior is still not clear.

SiHA Hz Temp Pv / Pwr Rd 12eV ETauc
(sccm)  (scem)  (°C)  (mbar/W) (A/s) (eV)
a-Si:H 40 -- 250 0.58 /2.2 1.46 4.41 1.75
Diluted a-Si:H 10 100 200 078 /22 071 425 1.75

Table 7.3: Deposition settings and optical properties of potential buffer layers.

In order to assess the influence of the selected buffer layers on the cell
performance, four solar cells were prepared. The cells have a structure of glass/TCO/
p-(BL)-i-n/Ag/AL The p-layer is deposited at 250°C and the n-layer at 200°C. The
deposition conditions of the buffer layers can be found in table 7.3. The ETP layer is
deposited without Hy-injection in the nozzle and is grown at a rate of 18.9 A/s and a
substrate temperature of 400°C. The performance of the cells can be found in table 7.4.

Cell A, entirely made with rf PE-CVD at a substrate temperature of 250°C, has a
relatively high efficiency of 7.4%, mainly due to a high [ . 0of 0.82 V. Cell A shows the
potential of this cell structure with the best i-layer that can be produced in the rf-
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chamber of the CASCADE set-up so far (note that in this rf-chamber the doped layers
are deposited as well). When the tf i-layer is replaced by an ETP layer (18.9 A/s and
400°C, Cell B), the efficiency drops drastically to 2.3%. We observe that all patameters
are reduced, which indicates that the p-i-n cell structure is not adapted to the
deposition of high growth-rate, high substrate-temperature intrinsic layers. Cells C and
D are then prepared with a buffer layer deposited on top of the p-layer. The thickness
of the buffer layer is chosen to be 10 nm. We can see that an a-Si:H buffer layer permits
to recover some fill factor (7.7% improvement) and 1/ (Cell C, table 7.4), leading to
an improved efficiency. A hydrogen-diluted buffer layer leads to an increase in all
parameters (cell D versus cell B) and in particular to a nearly 20% improvement of the
FF.

Cell  Buffer layer i-layer i-Temp Ve Jse FF n
n° O V) (mAcm? () ()
A none tf PE-CVD  250°C 0.820 16.9 0.546 7.40
B none ETP-CVD  400°C 0.561 12.6 0.326 2.30
C a-SiH ETP-CVD  400°C 0.626 13.4 0.351 2.95

D diluted a-SiH ETP-CVD  400°C 0.612 15.1 0.389 3.57

Table 7.4: Superstrate solar cells deposited with and without a buffer layer at the p-i
interface. The total i-layer thickness is kept constant at 440 nm and the buffer layer is
10 nm thick. The average of the best 10 cells is presented for each condition.

We think that the cell, deposited at 400°C in the p-i-n configuration, has improved
characteristics when an a-Si:H buffer layer is employed because of several factors. First
of all, the p-layer is to some extent protected from the high deposition temperature by
the presence of the dense buffer layer. We believe that hydrogen diffusion out of the
p-layer is reduced as the incorporation of the buffer layer diminishes the difference in
hydrogen concentration at the p-i interface. This permits to get higher 17, .. However,
the hydrogen of the buffer layer can diffuse in the ETP layer during its deposition at
400°C and this can explain why the .. of cell A is not teproduced in the cells
containing an ETP i-layer. Secondly, the short wavelength response is enhanced,
leading to an increase in Ji.. The quantum efficiency at short wavelengths is lower
when no buffer layer is applied, as shown in figure 7.7. We think that the buffer layer
enhances the carrier lifetime at the p-i interface by reducing the amount of excess
carrier recombination in that region. The buffer layer displaces the defect-rich layer
grown with ETP (region with a high defect density, thus a high recombination rate)
from the p-i interface where the excess carrier concentration is very large and therefore
the recombination in this region of the solar cell is diminished.

The H-diluted buffer layer seems to be more efficient in preserving the p-layer than
the standard a-Si:H buffer layer. We believe that this is partially due to the fact that the
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p-layer is then exposed to an H,-rich plasma during the deposition of the buffer layer.
Therefore H is re-introduced in the p-layer. Fujiwara ¢z a/. demonstrated by real time
spectroscopic ellipsometry that the band gap of the p-layer was reduced by the loss of
hydrogen into the vacuum when the plasma was extinguished [24]. They think that a
chemical equilibrium of H exists between the plasma and the subsurface of the
growing p-layer and when the plasma is turned off, the equilibrium is no longer
sustained and H is emitted from the p-layer from a depth equal to the H mean free
path, which is 200 to 400 A. Then a new equilibrium is reached and a restructuring of
the Si-Si bonds takes place. A H,-plasma treatment of the p-layer prior to the i-layer
deposition may permit to teverse this effect. In any case we obtain a higher cell
performance with an H-diluted buffer layer (Cell D) than with a standard a-Si:H buffer
layer (Cell C). This improvement can be seen in the ratio of quantum efficiencies taken
at 0 Vand -1 V (Fig. 7.8). The ratio increases for short wavelengths (blue part of the
spectrum) when a buffer layer is used and is best when an H-diluted buffer is
introduced at the p-i interface.
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Figure 7.7: Quantum efficiency of cells B, C ~ Figure 7.8: Ratio of quantum efficiencies
and D; no bias voltage is applied to the cells.  taken at 0 V and -1 V of cells B, C and D.

In conclusion, a buffer layer at the p-i interface, prepared in a hydrogen-diluted
plasma, yields higher cell performances compared to cells with either a standard rf PE-
CVD a-Si:H buffer, an a-SiC:H buffer or no buffer at all. However, we notice that the
efficiency of the ETP-CVD cells is still low compared to an rf PECVD cell. It seems
that not any of the buffer layers entirely protects the p-layer from high-temperature
exposure (here 400°C). Therefore the deposition temperature of the i-layer should be
limited to 300°C.
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7.2.4  Buffer layer thickness series

We investigated the effect of varying the buffer layer thickness on the solar cell
performance. In these experiments, the p-layer was grown at 250°C, the H-diluted
a-Si:H buffer layer at 200°C and the ETP i-layer at high growth rate (31 A/s) at 300°C,
with hydrogen injected into the nozzle, the total thickness of the intrinsic layer (buffer
+ ETP) being kept constant at 445 nm. Finally the n-layer was deposited at 200°C. The
thickness of the buffer layer, estimated from the growth rate of thicker samples, was
varied from 0 nm to 21 nm.

The dependence of the solar cell performance on the buffer layer thickness at the
p-1 interface is shown in figure 7.9. We observe an increase in 7 . with increasing
buffer layer thickness up to 10 nm. Then, for thicker buffer layers, the I, increase is
negligible. The FF reaches a maximum for a cell with a 10 nm thick buffer layer. The
variation of the buffer layer thickness has no influence on the current density that stays
constant at 11 mA.cm™ (not shown). Similar effects on oc and J . were observed by
Munyeme ¢# al. [22] when carrying out simulations with abrupt and graded band gap
buffer layers. However, they found that the FF was maximal for a 2-nm thick buffer

layer. Sakai ez a/. [21] found an optimum of the cell performance with a buffer layer of
14 nm thick.
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Figure 7.9: Dependence of buffer layer Figure 7.10: J1” curves for a-Si:H cells
thickness on solar cell performance (full with buffer layer ranging from 0 nm to
squares for 17, . and open squares for 21 nm thick. The characteristic of the
FF). Average of the 10 best cells. best 0.1 cm? cell is shown.

In figure 7.10, the J1” curves of the solar cells of the buffer layer thickness series
are presented. The thickness of the buffer layer has a significant effect on the shape of
the J17 curve. In first place, the hydrogen-diluted buffer layer gives rise to a 1/,
increase up to 0.75 V, J . remains constant and FF increases. A higher electric field,
due to the presence of the buffer layer at the p-i interface (as seen with simulations, see
Fig. 7.3), reduces the carrier recombination in that region and therefore increases the

FF. Then, for the solar cells with a buffer layer thicker than 10 nm, a bump in the J1”
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curve appears, reducing the FF. This S-shape curve is associated with very high parallel
and series resistances as seen in Fig. 7.10. Other workers [25] have observed this ‘roll-
over’ behavior, but its origin remains unclear.

In conclusion we have carried out simulations and experiments to study the effect
of a buffer layer at the p-i interface of a single junction a-Si:H solar cell. The intrinsic
layer of the solar cells is prepared by ETP-CVD at high growth rate (31 A/s) and high
substrate temperature (300°C). The simulations show that the presence of a buffer
layer increases the performance of the cell by augmenting the internal electric field at
the interface and shifting the defect-rich layer further in the bulk of the cell away from
the sensitive p-i interface. The experiments confirm the beneficial effect of a buffer
layer at the p-i interface and a 10-nm thick hydrogen-diluted a-Si:H buffer layer seems
enough to reduce interface recombination significantly and maximize the cell’s
performance. For thicker buffer layers, the solar cell performance is reduced.
Nevertheless, cell efficiency does not exceed 4% and cutrent density 12 mA/ crnz,
which indicates that the combination of absorbing layer quality requirement (implying
a high substrate temperature), together with the protection of the p-i interface from
thermal damage (low T, needed), forms the limiting factor in obtaining highly
efficient p-i-n solar cells. This concern had led to the development of ETP a-Si:H
grown with an external rf bias applied on the substrate, in order to keep material
properties at the moderate deposition temperature of 250°C.

7.3  Solar cells prepared with rf-biased ETP-CVD

Applying an rf bias to the substrate during amorphous silicon growth with the ETP
technique permits to reduce the substrate temperature while keeping the properties of
the thin layer, as seen in chapter 5. As a result of ion bombardment and energy transfer,
surface diffusion of precursors, among other processes, is enhanced. This feature is a
real advantage for the fabrication of p-i-n solar cells because the p-layer and/or the
TCO layer are sensitive to heat and their properties may be altered during the
deposition of the intrinsic layer at high substrate temperature. Therefore we will use in
this section ETP i-layers deposited at 250°C with an external rf bias on the substrate.

7.3.1 Power series

For the integration of rf-biased ETP-CVD a-Si:H in solar cells, Asahi U-type
SnO,:F coated glass is used as front contact. The following cell structure was used:

- Using tf PE-CVD, a 12-nm thick a-SiC:H p-layer is deposited at 180°C in the
AMOR deposition system. On top of this layer, a hydrogen diluted a-Si:H buffer layer
(5 nm) and a standard a-Si:H layer (20 nm) are deposited, also with rf PE-CVD. The
aim of this second ‘buffer layer’ is to protect the p-i interface.
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- After deposition of the buffer layers, the cell is exposed to air when transferred
from the rf PE-CVD set-up to the CASCADE set-up for the deposition of the ETP
layer. The gas flows used for the deposition of the ETP layer are as follows: @y, = 600
sccm, Dgpyy = 200 scem, Py = 200 scem and DPyypp,, = 150 scem. In order to
control the substrate temperature, which is kept here at 250°C, 400 sccm of helium is
used as back flow. The pressure in the arc is 0.42 bar and in the reactor 0.20 mbar. The
rf bias applied to the substrate holder is varied and the growth rate related to each bias
is given in table 7.5. The maximum rf bias that is applied is 50 W because the plasma
cannot be sustained for higher power. The intrinsic layer has a thickness of 280 nm.

- The n-layer is grown at 200°C in the rf PECVD chamber of CASCADE. Finally,
silver and aluminum layers are deposited as reflective back contacts. The area of the
solar cells is defined by the metal contact and is here 4 mm X 4 mm.

The CASCADE setup has only one rf chamber. It was decided to use this chamber
for n-type depositions only in order to avoid cross-contamination.

Cell Py | V| Growth rate
name (W) V) (nm/s)

E 0 0.5 1.04

F 8 19.6 1.06

G 15 29.8 1.21

H 20 349 1.29

I 30 36.0 1.31

] 40 38.4 1.35

K 50 40.2 1.39

Table 7.5: Applied rf power to the substrate, measured self-bias and growth rate of the rf
biased ETP-CVD a-Si:H layer applied in single junction p-i-n solar cells, and the
corresponding cell.

The self-bias voltage, 17, that develops on the substrate holder when an external
rf power is applied during the deposition of the ETP-layer, determines the average
energy of the bombarding ions on the growing surface. We saw in chapter 5 that a mild
ion bombardment of 20 eV was sufficient to improve the properties of the a-Si:H thin
layer, such as the Urbach energy or the defect density. Figure 7.11 shows the external
parameters (open-circuit voltage, fill factor, short-circuit current density and
efficiency) of the solar cells with an rf-biased ETP i-layer versus |17,;|. For each
condition the average of the best 10 cells, in terms of efficiency, is presented. First of
all, the solar cell deposited with standard ETP-CVD, without additional rf bias,
performs better than the cells obtained so far of which the ETP i-layer was grown at
350 ot 400°C. Cell E, grown at 250°C, has an efficiency above 5% against an efficiency
below 4% for cell D (see table 7.4), grown at 400°C. This improved performance
indicates that, as expected, the combination p-layer + buffer layer can sustain a
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temperature of 250°C better than of 400°C. However, as the substrate temperature is
lowered, the growth rate has to be lowered as well from ~19 A/sto 10 A/s.
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Figure 7.11: Open-circuit voltage (a), fill factor (b), short-circuit current density (c) and
efficiency (d) of solar cells with the intrinsic layer deposited with rf-biased ETP-CVD at
high growth rate (~1 nm/s) and low substrate temperature (250°C) versus bias voltage,
| V74| The average values of the 10 best cells, in terms of efficiency, are presented.

Secondly, it can be seen that the rf power applied on the substrate holder has a
significant influence on all the solar cell parameters. The 7. increases with | 17|,
whereas the FF, although it first also increases with | 17|, drops for higher values
(= 40 V). A higher 17 indicates a better p-i interface and we believe that the initial
layer grown with ETP-CVD, the so-called defect-rich layer, is either reduced in
thickness or its defect density is reduced, leading to a higher 17 .. The ], is maximal
for |1V, around 30 V. Finally the efficiency of the single junction solar cells is
enhanced for |17,| in the range 20 V to 35 V. We observe that the solar cells
fabricated with an rf-biased ETP i-layer have a better performance than the cells
fabricated with standard ETP layer grown at 250°C. The opto-electronic propetties of
the a-Si:H films can be improved considerably when a moderate rf substrate bias
voltage (~20-35 V) is applied, as reported elsewhere [26]. However, when the power
applied on the substrate becomes relatively high, which is in our case around 40 V, the
cell’s efficiency drops. We have to keep in mind that although the average energy of
the impinging ions is 40 eV, the ion energy is in fact distributed around that value and
consequently some ions can have a much higher energy [27]. These ions might be
responsible for atom displacement, or even atom sputtering from the growing surface,
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leading to the creation of nano-voids and a drop in the cell’s performance. The best
condition is found to be for 30 V bias voltage (condition I), with an average efficiency
of 6.7%. However, the best cell was obtained for a 20-V bias (condition F) with an
efficiency of 6.97% and a FIF of 0.607.

A low microstructure parameter R* of the absorbing a-Si:H layer, preferably below
0.1 is often mentioned as a prerequisite for an efficient a-Si:H solar cell [28]. Figures
7.12 and 7.13 show that the cell’s short-circuit current density has a direct correlation
with some properties of the solar cell intrinsic layer, such as the R* value and the light
conductivity, oj. /. decreases with increasing R* value. Moreover J . presents the
same trend as o7 (see Fig. 7.13). The R* parameter is a figure of merit for the nano-
void density in a layer because the lower the R*, the lower the density of hydrogen
bonded in the SiH, configuration compared to that of H bonded in the SiH
configuration and because the SiH, configuration can be found mainly on the surface
of nano-voids [26]. We think that a high R* value entails a lower light conductivity as
more nano-voids are present in the material and the probability that carriers do cross
the material and reach the collecting electrode before recombination is lower.
Therefore, when such a layer is incorporated into a solar cell, J . is limited.
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Figure 7.12: Current density J . of solar cells  Figure 7.13: Correlation between solar cell’s

E to K versus R* of corresponding single current density, /., and single layer’s light

layers. The line is a guide to the eye. conductivity, oy, versus bias voltage |17,|.
Lines are guide to the eye.

During rf-biased ETP-CVD, ions in the vicinity of the growing surface acquire
extra energy and when they impinge on the surface, they either transfer their extra
energy to the surrounding species, so also to the growth precursors, thereby increasing
their mobility and the chance they reach a favorable growth site, or they transfer their
energy to the atoms on the (sub-)surface, thereby allowing these atoms to rearrange in
a more relaxed position (lower potential energy). Moreover, large silicon cluster ions
from the plasma are believed to be broken by impact on the surface, leading to an
a-Si:H layer of higher properties. This phenomenon is more likely to happen when the
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bombarding ions have a mild energy; in our case it seems that 20 to 30 eV is the
optimum. For higher energies, other phenomena occur, such as atom displacement
that can be detrimental to the cell’s performance as the lattice is then damaged.

Figure 7.14 shows the current-voltage characteristics of the best p-i-n solar cells.
For clarity, only the J1” curves of cells E, F, G and K, of which the i-layer was prepared
respectively with 0, 20, 30 and 40 V rf-bias voltage, is shown. Cells H, I and J have a
similar behavior as cell G. It is clear that moderate ion bombardment during the
growth of the i-layer increases the J . and FF, although these parameters decrease for
| 14| above 30 V (see cell K). The best characteristics are obtained for a bias voltage
of 20 V (cell F), the fill factor increasing from 0.58 up to 0.61 and the efficiency
increasing from 5.9 up to 7.0%.
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Figure 7.14: J1” characteristics of solar cells with the absorbing layer grown by rf-
biased ETP-CVD at 250°C and 10 A/s.

Spectral response measurements were carried out on the solar cells and the
quantum efficiency obtained with no bias voltage applied to the cell during the
measurement is presented in Figure 7.15. Again, only the QE results of cells E, F, G
and K is shown, as cells H, I and | have a similar behavior as cell G. It is obvious that
rf-biased ETP-CVD leads to an improved solar response of the cell, particulatly in the
short wavelength region of the spectrum. Moreover, we observe that, although a 40-V
bias leads to a cell with the highest response in the blue part of the spectrum (cell K),
the best cell is cell F, with a 20 V bias, as it has a high response in the blue and the
highest response in the red part of the spectrum (longer wavelengths). The higher
performance of cell F above the other cells is demonstrated with the ratio of quantum
efficiencies at 0 bias to —1 V bias presented in figure 7.16. This QE ratio gives an
indication of the recombination of carriers in the i-layer [29]. This graph shows that rf-
biased ETP cells have a better behavior than the cell with a standard ETP-CVD i-layer,
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as then the QE ratio is closer to unity for a larger range of wavelength. Apparently, in
these rf-biased ETP cells the internal electric field distribution is such that most
generated charge cartiers are collected without applying a reverse bias. On the contrary,
cell E has a low QE ratio in the 400-500 nm region of the QE plot, which corresponds
to the absorption in the first nanometers of the i-layer. This observation indicates that
recombination occurs at or near the p-i interface and this latter limits the charge
collection. We think that the addition of tf bias on the substrate avoids or at least
reduces the growth of a defect-rich layer (DRL) at the beginning of the ETP-CVD
layer, which is suspected to be usually present when no bias is used [30], thereby
improving the p-i interface.
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Figure 7.15: Quantum efficiency for cells Figure 7.16: Ratio of quantum efficiencies
with an rf-biased ETP-CVD i-layer. No bias taken at =1 V and 0 V of cells with an i-layer
was applied during the QE measurement. deposited by rf-biased ETP-CVD.

We conclude that applying an rf bias on the substrate during the deposition of
a-Si:H ETP i-layer of a cell leads to the improvement of the cell performance for two
reasons. First of all because the open-circuit voltage is enhanced. We believe that the
DRL is reduced, resulting in a p-i interface of better quality. The spectral response of
the cell in the blue part of the spectrum is improved. And secondly, the current density
is enhanced, because of better properties of the intrinsic layer, such as a lower R* value
or a reduced defect density.

Applying an rf bias improves the cell’s performance, but the bias does not seem to
have a strong influence on the performance for the range considered here, up to a
| 74| of around 40 V. For higher voltages, the cell’s performance drops considerably.
We think that a high bias leads to a strong ion bombardment, which is detrimental for
the deposited layer. The R* value, representative of the nano-void density, increases.
A mild |17,| is sufficient to improve the layer properties and thus the cell’s
petformance, and this with a low substrate temperature of 250°C and a relatively high
growth rate of 10 A/s. The best solar cell efficiency achieved with these conditions is
7%.
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7.3.2  Annealing series

From the microelectronic industry, anneal steps or heat treatments of a wafer, are
known to be beneficial to either activate the dopants or to relieve internal stresses.
Depending on the time and temperature of the anneal, the properties of the material
are modified and better contact between semiconductor and metal layers can be
obtained. A double annealing treatment has been chosen to optimize the relaxation of
the ETP a-Si:H network in a solar cell for two reasons. First of all, low-temperature
annealing of a solar cell when it is complete has neatly no effect on its final
performance [31]. Furthermore, annealing at higher temperature can deteriorate the
metal contacts and thus the cell performance. It appears that to carry out the annealing
step in two stages permits to adapt the treatment to a specific purpose: at moderate
temperature before metallization to redistribute the density of states in the i-layer and
at low temperature after metallization to improve the contact between the n-layer and
the Ag layer.

The solar cells used for the annealing series have the same structure and the same
deposition conditions as the cells forming the power series (see paragraph 3.1). A short
H,-plasma treatment of the p-layer is carried out, which has proved to improve the
interface between p- and buffer-layers, as found by Myong ef a/. [32] for similar
conditions. The a-Si:H intrinsic layer is deposited by ETP-CVD with 8-W rf bias on
the substrate at 250°C (| 17| = 20 V, growth rate of ~11 A/s). The i-layer has a
thickness of 280 nm. The annealing treatment of the cells is catried out in the tf
chamber of the CASCADE set-up straight away after deposition of the n-layer under
50 sccm He back flow to control the substrate temperature. There is no vacuum break
or cooling down of the cells prior to the annealing step.

The annealing conditions (time and temperature) and the external parameters of the
corresponding annealed solat cells are given in table 7.6. The average of the 10 best
cells, in terms of efficiency, is presented, with the efficiency of the best performing cell
of that condition. The annealing step was carried out before metallization. For the low
annealing temperature of 160°C (Cell M), a longer annealing time of 30 min instead of
10 min was chosen. Cell P was exposed to a graded temperature from 200°C down to
160°C in 12 min.

Considering the conditions I, M, N and O, in which the annealing temperature was
increased, we observe that the annealing treatment has a beneficial effect on the solar
cell performance for annealing temperatures below 225°C. Annealing at 225°C (Cell
O) results in a lower solar cell efficiency than the ‘as deposited’ one. We can see that
on average 17, is improved after the annealing step. However J . seems to decrease
with increasing annealing temperature, whereas the FF is improved only for an anneal
at 200°C. When a graded temperature treatment is used (Cell P), from 200°C down to
160°C, the best effect is obtained and all external parameters are improved, in
particular J .. An average efficiency of 7.3% is achieved for the single junction p-i-n
solar cell deposited at high growth rate. Furthermore, an efficiency of 7.44% is
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obtained for the best cell with an annealing from 200°C down to 160°C, which
represents more than 5% improvement compared to the solar cell that did not undergo
an annealing step (best cell of condition L, efficiency: 6.97 %).

Cell Annealing  Annealing

Voe ]sc FF n n best cell
name temperature tme

O i) (V) (mAamd O (%) *%)
L As deposited _ 0.837 13.6 0.579 6.59 6.97
M 160 30 0.847 139 0.573 6.76 6.95
N 200 10 0.847 13.5 0.622 7.03 7.12
O 225 10 0.838 13.1 0.565 6.19 6.79
P 200 to 160 12 0.847 14.4 0.598 7.31 7.44

Table 7.6: Annealing conditions and performance of the corresponding solar cells
deposited with rf-biased ETP-CVD and a bias voltage of 20 V, before metallization. The
average of the 10 best cells (based on the efficiency) is presented, as well as the efficiency of
the best cell for each condition.

After metallization, an anneal step at 150°C for 10 min was carried out. In order to
avoid silver and aluminium alloy formation and reflectivity loss of Ag, it is important
that the first annealing step is carried out before the metallization to be able to perform
it at relatively high temperatures (160°-200°C). However, a second anneal step after
metallization and at lower temperature is beneficial for the cell performance, as a better
contact is achieved between the n- and silver layers.

The solar cell performances after the second annealing step are presented in table
7.7. We can see that for the three annealing conditions presented previously, the
annealing step after evaporation of the metal contacts improves the performance of
the solar cells further. In particular 7. and FF increase. Furthermore, this procedure
of double annealing resulted in a best-cell efficiency of 8.0%. This is a record efficiency
for a-Si:H p-i-n solar cell deposited with the ETP technique.

Cell  Annealing

name temperature Ve Jse FE n 77 best cell
€O V) (mAem?) () (o) (o)
M 160 0.860 13.7 0.622  7.32 7.38
N’ 200 0.852 141 0.622  7.46 7.73
P’ 2004t0160 0.861 14.3 0.630  7.75 7.95

Table 7.7: Performance of solar cells deposited with rf-biased ETP-CVD after 10 min
anneal after metallization. The average of the 10 best cells (in terms of efficiency) is
presented, as well as the efficiency of the best cell for each condition.

The influence of the annealing treatments on the solat-cell performance can be
explained as follows. As the deposition of the ETP layer is very fast (less than 5 min
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for the 280 nm thick i-layer), we think that the Fermi level in the i-layer, grown on top
of the p-layer, is pinned in the lower part of the band gap throughout the entire layer.
This effect results in a higher defect density in the band gap close to the conduction

band, according to the defect-pool model [33].
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Figure 7.17: Simulations of a-Si:H material density of states based on the defect-pool
model. a) DOS of the i-layer after deposition on the p-layer. b) DOS of the same i-layer
after the annealing treatment.

Figure 7.17 (a) llustrates how the density of states (IDOS) may look in that case. The
Fermi level being situated close to the valence-band edge, the material has a p-type
distribution of DOS. As the Fermi level is pinned in the i-layer, weak band bending is
induced in this layer. Then, after the n-layer deposition, an internal electric field
appears in the cell and the Fermi level, at the i-n interface, shifts in the upper part of
the band gap. However, the defect-density distribution in the i-layer cannot equilibrate
sufficiently quickly to adjust to this new situation. We think that the anneal step allows
the density of states to re-equilibrate towards a distribution equivalent to that in
intrinsic material, as shown in figure 7.17 (b). Therefore, the overall defect density in
the layer is reduced, leading to a higher J.. and FF. The positive effect of moderate
temperature anneal can be further explained by the re-equilibration of the thermally
generated defects, thanks to a redistribution of mobile hydrogen atoms [34,35]. The
reduction in defect-state density at low temperature treatment was demonstrated by J.
Hi et al. [36]. Hydrogen redistribution in the a-Si:H film may reduce the DOS by
annihilation of dangling bonds. At higher temperatures, the anneal sample showed
degradation due to out-diffusion of weakly bonded hydrogen. Panwar ¢z 4/ [37] found
a material quality improvement of the a-Si:H films with anneal treatment of the layers
at temperatures up to 250°C. However, the films were deposited at room temperature,
thus annealing was carried on a film far away from its equilibrium. In general, the
annealing temperature should not exceed that of the film deposition.
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Figure 7.18 shows the JI” characteristics of the best cell at different stages: as-
deposited, after the first and after the second anneal treatment. The first anneal step is
carried out with a graded temperature (condition P). We observe in a first place that J .
increases following the anneal step. The material relaxes and the DOS is rearranged as
the Fermi level reaches a position at the center of the band gap, leading to fewer defects
in the low part of the gap. The quality of the intrinsic layer is improved and a better
carrier collection takes place from the i-layer. This improvement can also be noticed
from the spectral response measurement (see figure 7.19). The second annealing step
results in a higher 17 . and FF, which can be explained by a better contact between the
active layers of the cells and the metal layers.
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Figure 7.18: J1” characteristics of solar cells Figure 7.19: Quantum efficiency taken at —1 V
deposited with rf biased ETP-CVD, in the reverse bias of tf biased ETP solar cells, in the
as-deposited state and in the annealed state, as-deposited state and in the annealed state,
before and after metallization. before and after metallization.

Figure 7.20 summarises the results of the double annealing experiment on solar
cells with an i-layer deposited by ETP-CVD with a moderate rf bias of 20 V on the
substrate. The first annealing step (ramping down from 200° to 160°C), before
metallization, enhances most of all the current density by improving the quality of the
intrinsic layer, and therefore increasing the cartier collection from that region of the
cell. The second annealing step results in the increase of the open-circuit voltage and
the fill factor. The double annealing treatment leads to a significant solar cell
improvement of 17%, to an average efficiency of 7.75% and a record efficiency of
8.0%.

In conclusion, we have demonstrated the positive effect of mild ion bombardment
during ETP-CVD a-Si:H deposition, induced by tf bias on the substrate, on the solar
cell performance. Double annealing of the cell further enhances the carrier collection
and leads to initial cell efficiencies as high as 8.0% for an a-Si:H p-i-n single junction
cell deposited at 11 A /s and 250°C. This result constitutes the best efficiency obtained
so far for an ETP cell.
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Figure 7.20: External parameters of solar cells deposited with rf-biased ETP-CVD in
the as-deposited state and after annealing (first, anneal of the active layer; second,
anneal of the metal contacts). The bars represent the average of the 10 best cells,

wheteas the best cell value is indicated on the bars.

7.4 Conclusions

In the first place, we have studied the effect of a buffer layer at the p-i interface on
the performance of a-Si:H solar cells with a p-i-n structure and an intrinsic layer grown
at high rate, high substrate temperature, with ETP-CVD. The experimental and
simulation results show that initial device performance is enhanced with the insertion
of an hydrogen-diluted a-Si:H layer at the p-i interface. A thickness of 10 nm is
sufficient to improve the 17 . and the FF. Thanks to a stronger internal electric field
at the p-i interface, the charge carriers are swept away faster from that region than
when there is no buffer layer and the chance of recombination is then reduced.
Moreover, the initial layer grown with ETP-CVD, so-called defect-rich layer, is moved
away from the region where charge carrier generation is the highest. A lower defect
density at the p-i interface results in less carrier recombination and thus higher FF.
Finally, thermal damage of the p-layer, due to the high substrate temperature during
deposition of the ETP intrinsic layer, is diminished and a dense buffer layer acts as a
barrier against diffusion of hydrogen or boron from the p-layer.

Secondly, we have examined the influence of an external rf bias on the substrate
during ETP-CVD. The addition of rf bias opens new possibilities for deposition of
a-Si:H at high deposition rates. The assisting surface ion bombardment during high
rate a-Si:H deposition at moderate substrate temperature (> 10 A/s and 250°C) results
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in a-Si:H with lower defect density, improved microstructure and opto-electronic
properties. A mild substrate tf bias in the range of 20 to 30 V suffices to improve the
material properties considerably. Furthermore, as a result of a double annealing
treatment, the density of states re-equilibrates deep in the intrinsic ETP layer and the
carrier collection in the cell improves. With an rf-biased ETP a-Si:H i-layer grown at
11 A/s and an optimized cell structure we obtained a record single junction ETP
a-Si:H solar cell: without highly reflective back contact employed, initial efficiencies of
8% have been achieved.
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Chapter 8

Illumination of ETP a-Si:H and subsequent
material and device degradation

8.1 Introduction

Hydrogenated amorphous silicon (a-Si:H) is nowadays commonly used for the
fabrication of thin film solar cells. A low-temperature production and a low material
cost are the main reasons for a-Si:H solar cell production. Moreover the abundance of
raw material and the relative simplicity of the production technique by chemical vapor
deposition (CVD), compared to that for monocrystalline silicon solar cells, are
advantageous aspects related to a-Si:H. However, a major drawback of this material
compared to its crystalline counterpart is the slow degradation of the material
properties when exposed to sunlight. This effect, called the Stabler-Wronski effect
(SWE) after its discoverers [1], is characterized by the decrease of dark and light
conductivities upon prolonged exposure to intense light, as well as by the increase of
dangling bond-related spin density [2]. The SWE is a major problem for a-Si:H solar
cells, as it deteriorates the cell’s performance. In order to understand and control the
Staebler-Wronski effect, numerous studies have been carried out over the last 25 years.
The results obtained depend not only on the intensity of the illumination, but also on
the temperature at which the illumination is carried out and the form of illumination,
continuous wave or pulsed [3]. In spite of that research, there is still a considerable
debate about the underlying mechanism [4]. However, the SWE is a self-saturating
process and therefore the solar cells reach a stabilized efficiency after a certain time of
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light soaking. Another characteristic of the SWE is its complete reversibility upon
thermal annealing of a-Si:H in the dark at temperatures above 150°C.

The a-Si:H deposited by expanding thermal plasma CVD is also subject to the SWE
and the study of ETP a-Si:H behavior upon light soaking constitutes the topic of this
chapter. In the first section, the general features about the SWE microscopic origin are
discussed. Then after giving the experimental details, the degradation upon
illumination of single layers grown under various conditions is presented. Finally the
degradation of these layers incorporated into single junction p-i-n solar cells is
described. The correlation between initial material properties and degradation is
studied, in particular the influence of plasma chemistry and of ion bombardment on
the stability of the ETP material.

8.2 The Staebler-Wronski effect

What is the SWE?

The Stacbler-Wronski effect is the light-induced degradation of undoped a-Si:H
and its alloys. It describes a metastable process, the creation of additional states in the
mobility gap, occurring during non-thermal equilibrium conditions. These reversible
changes in density of localized gap states are observed mainly after illumination with
intense light. However, metastable changes have also been observed after rapid
quenching or charge accumulation [5], after keV electron bombardment [6] or after
current stress of forward-biased p-i-p structures without illumination [7]. On the other
hand, Staebler and Wronski showed that illumination does not cause degradation in
diode-like devices when a strong reverse bias is applied [8].

The principal observations associated with the SWE are the decrease in
conductivity and the generation of metastable defect configurations in the band gap
[9]. These extra defects are indeed suspected to be responsible for the material and
device degradation. Due to the location of these new defects in the band gap, below
1.4 eV, the Fermi level shifts towards mid gap, thereby decreasing the dark
conductivity. The metastable defects act as recombination centers, thereby decreasing
the lifetime of excess carriers and influencing the electronic and optical properties of
a-Si:H. The creation of bulk dangling bond defects may not be the only process behind
the SWE, but it is almost certainly the dominant one [10].

Next to these experimental observations, structural changes of the material, like
material expansion, have been related to the SWE [11]. Internal compressive stress
significantly increases upon exposure to intense light [12]. However, these structural
changes seem to occur in parallel to the SWE, therefore they are not thought to be a
precursor of it [13].

Another feature of the SWE is its self-limiting and reversible character. As a matter
of fact, the light-induced degradation process stops after saturation is reached and both
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material properties and solar cell efficiency stabilize. The performance can be
recovered after an annealing step, where relaxation into the thermal equilibrium
ground state occurs.

What gives rise to metastability? Physical model

The most generally accepted model describing the defects creation is the “bond-
breaking” model, developed by Stutzmann, Jackson and Tsai [14]. The model is based
on the non-radiative recombination of electron-hole pairs. The photo-excited excess
carriers are first trapped at shallow or deep traps. Shallow trapping occurs in the
valence and conduction band-tail states (regions II and IV of the density of states, see
figure 8.1), at weak Si-Si bonds. Subsequently, in the course of bimolecular
recombination of electrons and holes, weak Si-Si bonds are broken, creating a pair of
dangling bonds in the amorphous network (defect situated at midgap, see region I1I in
figure 8.1). The non-radiative recombination involves a multi-phonon process, where
local phonons provide the energy necessary to overcome the potential barrier, Ep, of
about 1 eV separating the stable ground state from the metastable defect state, as
depicted in figure 8.2. The defect creation and annealing is described by the potential
well model [10] and by the configuration-coordinate diagram represented in figure 2.
The lower energy well E; in figure 8.2 represents the annealed state (the fully
coordinated network), while the higher energy well £ represents the metastable state
(a dangling-bond defect) [10]. E4 is the annealing potential barrier and is the energy
needed for a defect to go from the metastable state to the ground state.
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Figure 8.1: Schematic diagram of the DOS Figure 8.2: Configurational coordinate
in a-Si:H showing the extended states  diagram of the equilibration between the
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1V) and the midgap states region (III). separated by a potential energy barrier.
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The defect density depends sublinearly on both the generation rate of photoexcited
electrons and holes, G, and the illumination time, % and is expressed as:

N, (t) < cg, GtV (1)
where N is the total defect density and ¢¢yp-a constant describing the average efficiency
of tail-to-tail transitions for the creation of new dangling bonds. This equation is valid
when sufficiently long illumination times are used (i.e., N (t) > 2*N(0) [14]). The
number of created metastable defects depends on illumination time and intensity, but
is neatly independent of temperature [5]. However for temperature > 90°C, the effects
of simultaneous annealing (thermal and light-induced annealing) of the metastable
defects cannot be neglected anymore [15]. In any case, the rate of creation of new
dangling bonds depends on the density of already existing dangling bonds and is given
by:

dN, [dt < cg, (G/N,) )

Up to now the SWE is not entirely understood and the microscopic details related
to the defect creation process remain uncertain. Contamination by impurities like
oxygen, nitrogen or carbon seems to be excluded, at least for concentrations below
10" em™ [14, 16], although Crandall e¢f a/. [17] suggested first the opposite. The exact
role of hydrogen in the metastability, despite the number of studies on that subject, is
still not resolved. No experimental proof of H involvement in the formation of
metastable dangling bonds is actually available. Stutzmann [4] postulates that as the
thermal activation energy to return from a metastable state to a stable state is similar
to the diffusion activation energy of H in a-Si:H (~1.1 eV), H is suspected to have a
role in the SWE. It is widely accepted that the defect creation process can be mediated
by H diffusion. Branz proposed the H collision model, based on the long-range
diffusion of H and its mediation in the reconfiguration of dangling bonds through
metastable complex [18, 19]. Dalal ¢z a/. found that the hydrogen chemistry of the
reactive plasma during growth plays an important role in determining the stability of
an a-Si:H layer [20] and the use of H-dilution plasma produces solar cells of higher
stability than He-dilution plasma.

However, other mechanisms that do not require H have been put forward. Adler ez
al. |21, 22] proposed the charged defect precursor model, which involves reversible
changes in charge or hybridization state of already existing dangling bonds. But this
model is ruled out nowadays as no large concentration of charged defects has been
found in illuminated a-Si:H. And Pantelides [23] presented a model involving floating
bonds, which are fivefold-coordinated Si atoms with an extra nearest neighbor. Finally,
saturation occurs either due to one of the following processes:

- simultaneous annealing during generation of defects,

- depletion of the available defects,

- or shunting of the tail-to-tail recombination process by the mono-molecular
recombination (recombination through mid-gap states). On the basis of computer
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simulations, it was demonstrated that an annealing term in the model was necessary to
achieve saturation [24].

Improving stability

In default of understanding fully the causes of the SWE and to be able to prevent
the degradation of a-Si:H material, researchers have found ways to reduce degradation
and produce solar cells that are less susceptible to the SWE. Their efforts dealt with
both material and device improvements. Among the successful paths, we can mention
the following ones:

- To grow a-Si:H near the threshold of microcrystallinity by depositing a-Si:H
under an excess of hydrogen [25]. In this manner substantial regions of intermediate
range order are obtained, leading to a decrease in defect density. Moreover a high
hydrogen dilution of the gas mixture etches from the growing surface the strained and
weak bonds. However, an issue related to the growth of such material is that it turns
microcrystalline with thickness.

- To employ deuterium (D, or SiD,) in place of hydrogen during deposition [26].
The significant improvement in stability obtained is due to the improved medium-
range order and the associated lower defect density. Here again the material is
deposited at the onset of microcrystalline regime and nanometer size ctystals are
embedded in the amorphous network.

- To use silicon alloys that are less subject to the SWE, such as Si-Ge alloys [27]. It
was suggested that, as a-SiGe:H materials have a lower band gap than a-Si:H, a smaller
energy is associated with the electron-hole recombination, which reduces the light-
induced defect creation. Moreover, Stutzmann ef a/. indicated [28] that the density of
stable dangling bond defects increases with Ge content.

- To reduce the a-Si:H intrinsic layer thickness [5]. A solar cell with a thin intrinsic
layer has a stronger internal electric field compared to that of a thick solar cell.
Therefore the charge collection before recombination is enhanced. On the other hand,
a thicker intrinsic layer absorbs more photons, which leads to an increase of J.. A
compromise between chatrge collection and photon absorption has to be done in order
to minimize the degradation.

- To apply the tandem or triple junction concept [15]. Two or three cells are
deposited in a stack and electrically connected in series. In the very thin top cell, mainly
the blue part of the spectrum is absorbed and the SWE do not disturb the charge
collection. The bottom cell receives only filtered light, so that the SWE is less
pronounced. Problems linked to current matching and pinholes (very thin cells) have
led to use this concept with silicon alloys (8i-C, Si-Ge) to use the solar spectrum better
and to avoid the large thickness variations between the top and the bottom cells. pc-Si
is also used as material for the bottom cell.

These methods aim either at enhancing the material stability or at making solar cells
less sensitive to ligh-induced degradation. This is achieved by either depositing a-Si:H
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on the onset of microcrystallinity, thereby improving the microstructure, or by altering
the cell design. In this chapter, the degradation of ETP material grown at high rate is
studied. In particular the influence on material stability of deposition conditions where
the polysilane radicals and the silicon-ion clusters in the plasma are believed to be
reduced, like when hydrogen is injected in the nozzle or when an external rf bias is
applied on the substrate, are investigated.

8.3 Experimental details

The degradation experiments were carried out with a white light from a halogen
lamp, of 1.5-sun intensity. These conditions are closer to the degradation conditions a
solar cell will undergo during use although it gives rise to non-homogeneous
generation of carriers in the samples and non-homogeneous defect profiles. The
degradation was carried out at a controlled temperature of 50°C. For more details
about the degradation set-up, we refer to Chapter 2.

Light soaking on single layers:

The thin films were deposited on Corning glass 1737 under various conditions, as
presented in table 8.1. The H, flow in the arc was 200 sccm, as well as the silane flow.
The silane flow for the tf PE-CVD sample was 40 sccm. The selection of ETP-CVD
conditions is as follows:

- sample A represents the standard ETP condition grown at the relatively high
growth rate of ~9 A/s,

- samples B and C are grown at high rate (~ 25 A/s) and high temperature,

- samples D and E are also grown at high rate (~ 29 A/s) but from a plasma with
additional H, injected in the nozzle (Hyn,,),

- sample I is deposited with Hyy,,, and under ion bombardment with an external
rf bias on the substrate of 8 W, corresponding to a bias voltage of 24 V.

Finally, sample G is deposited with rf PE-CVD at low growth rate and low substrate
temperature as a reference.

The growth rate, the layer thickness and the initial light conductivity, oy 4, are also
given in table 8.1. The thickness of the samples was larger than 500 nm to ensure that
the light conductivity was determined by the bulk properties and not by the surface.
During deposition, 400 sccm He was used as back flow in order to control the
substrate temperature accurately. The arc current was set at 40 A, the voltage was
between 149 and 161 V and the pressure in the reactor was p,,,, = 0.18-0.23 mbar.

Before degradation, the samples were annealed for 0.5 h at 150°C in order to ensute
ohmic contacts and to start the degradation from a stabilized density of state. The
samples were then exposed from the top side. The light conductivity, o7, was
monitored as function of the illumination time, because oy is especially sensitive to any
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change in the density of deep defect levels and therefore expresses the material changes
due to prolonged light exposure.

Sample Ar HoNozzle Tempera- Growth Thickness Oip
(sccm) (sccm)  ture (°C) rate (A/s) (nm) (Qlcm)

A Standard ETP 600 0 250 8.7 523 5.3x10-6
B High rate ETP 850 0 350 254 685 3.4x10-6
C High rate ETP 850 0 400 24.5 739 3.4x10-6
D High rate Hoxo: 850 200 350 29.3 702 1.5x10-5
E High rate Hoxo, 850 200 400 28.3 734 1.9x10-5
F tf-biased ETP (8W) 600 150 250 10.3 555 3.2x10-6
G tf PE-CVD - - 200 2.0 724 4.4x10-5

Table 8.1: Deposition conditions and few layer properties of a-Si:H thin films.

Light soaking on solar cells:

The solar cells are p-i-n single junction, deposited on Asahi U-type TCO glass
substrate. Table 8.2 gives the nature of the intrinsic layer, as well as its thickness. Four
solar cells contain an ETP a-Si:H i-layer, among which E2, E3 and E4 have a thin
buffer layer incorporated at the p-i interface:

- cell E1 i-layer is the standard a-Si:H ETP layer ‘A’

- cell E2 has the i-layer deposited with Hyy, at high growth rate as ‘D’ but at
300°C,

- cell E3 has an rf-biased ETP i-layer ‘F.

- cell E4 has also an rf-biased ETP i-layer ‘F” and it has undergone an annealing step
after the n-layer deposition (12 min from 200 down to 160°C) and after cell completion
(10 min at 150°C). This solar cell has the record efficiency (8%) of the p-i-n solar cells
made with an ETP-CVD intrinsic layer.

Finally, cell R1 is entirely deposited with rf PE-CVD. The back contacts are made
of an Ag-Al layer and have an area of 0.16 em?.

Solar cell E1l E2 E3 E4 R1
Intrinsic layer A D (300°C) F F (annealed) G
i-layer thickness (nm) 420 450 280 280 450

Table 8.2: ETP-CVD and rf PE-CVD solar cells and corresponding intrinsic layer.

The solar cells were exposed from the p-side to white light together with
corresponding single layers. The solar cells were degraded under open-circuit
conditions at a controlled temperature of 50°C. The solar cell external parameters were
monitored as function of the illumination time.
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8.4 Results and discussion

8.4.1 Degradation of ETP a-Si:H single layers

The a-Si:H thin films have been exposed to light-soaking up to 10.000 hours, but
as the light conductivity, o7, was stabilized after ~1000 h, we will present only the
evolution of o7 up to 1100 h for clarity in the graphs.

K High rate ETP:
= Ap —e—B, 350°C
Q A Bl —o—C, 400°C

o A, A\K —a—D, 350°C

Z 0%t A —A—E, 400°C
> AN

= \\

£ AK

2 “

o

= N

c — A_ A

S O=0<0—0-0-a__ A
= o:Q§m Aa

< —O0—,

2 e 0000

- Tee—e

10'5 L L L L L L
0.01 0.1 1 10 100 1000

lllumination time (h)

Figure 8.3: Evolution of the light conductivity, o7, during light soaking for a-Si:H
samples B and C, deposited at 25 A /s without H,y;,,, and samples D and E deposited at
29 A/s with Hyyy,,- The substrate temperature during material growth is also indicated.

From figure 8.3, we can see that the injection of H, in the nozzle, Hyy,, during
deposition of high-rate ETP a-Si:H leads to an increase in both initial and stabilized
light conductivities. However, the degradation rate is much faster for samples D and
E, with Hjy,,,» than for samples B and C, without Hyy,,. Further, we observe that
layers deposited at a higher substrate temperature, T, have higher stabilized light
conductivities. In this case, another degradation pattern is found between samples with
and without Hyyy,,,- In the first place, for samples without Hyy,, (B and C), it seems
thatata T, = 400°C the o7 degradation is limited. This behavior suggests that a mote
structured material is grown at 400°C compatred to that at 350°C. Guha ¢/ 4/. suggested
[25] that the improved properties of a-Si:H are related to the improved medium-range
order and the associated lower defect density. However, both samples have a
microstructure value, R*, of 0.25 before illumination. In the second place, for samples
with Hyy, (D and E), the degradation rate is identical and does not depend on T,
The ratio of o7 (E) / o7 (D) remains constant throughout the whole range of
illumination time. In that case, the R* value was lowered from 0.28 to 0.20 with T ,,
increased from 350° to 400°C.
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Figure 8.4: Evolution of o7, normalized  Figure 8.5: Evolution of the light conduc-

to the annealed state, during light soaking. tivity, oy, during light soaking. The initial

See table 8.1 for deposition conditions. hydrogen content, ¢, of the ETP layers is
given.

In figure 8.4, the degradation in 07, normalized to the annealed state, is presented.
What strikes in figure 8.4 is that the reference sample G, deposited with rf PE-CVD,
degrades much faster than any of the ETP-CVD samples and it degrades relatively
more. Further it seems that samples C and I follow the same degradation kinetics,
which is also the case for samples A and E. The degradation behavior upon exposure
to light does not show a correlation with either the deposition rate, the R* value (which
is below 0.5 for all samples), nor the defect density, N4 of the samples in the annealed
state (which is more or less 2 X 101 em™ for all samples). It was suggested by
Stutzmann ez a/. [14] that samples with higher initial defect density degrade slower than
samples with lower N, because the creation of new dangling bonds is inhibited by the
already existing dangling bonds. This reasoning explains the fact that the SWE is a ‘self-
limiting” process. In our case, N, being similar for the different samples, we could
expect a similar degradation behavior, but this is not observed.

Considering the evolution of the normalized o7 , we see that the rf PE-CVD sample
degrades relatively more and stabilizes faster than the ETP samples. However, if we
examine the absolute value of oy, presented in figure 8.5, we observe that although
sample G degrades faster, it has a higher stabilized o7, which is due to the fact that the
initial o7 is higher than that of the ETP samples. Likewise, sample E, with Hyy,,»
degrades to a large extent, but it has the highest initial and stabilized oy of the ETP
sample series. For sample A the lowest light conductivity after degradation was
obtained. We remark that this sample was deposited at 250°C, and so was sample F,
although the latter was deposited with an external rf bias on the substrate. Finally
sample C, high rate and no Hyyy,, is the condition under which the SWE is the less
pronounced. It is interesting to note that the stabilized o7 seems to be correlated to
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the hydrogen content, ¢, of the thin films. The layer containing the highest ¢y
stabilizes at the lowest 07 of the series and the one with the lowest ¢y ends up with the
highest o; of the series (see Fig. 8.5). The rf PE-CVD sample does not follow this
trend found for the ETP samples, as the H content is approximately 15 at.% whilst it
stabilizes at about 7 x 107 Q_l.cm_l, which is higher than the stabilized ETP samples
oy.
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Figure 8.6: Variation of oy versus microstructure as a function of illumination time
and sample deposition conditions. The line is a guide to the eye. The microstructure of
the a-Si:H layers is indicated in the inset.

The variation of oy as a result of increasing light-soaking time versus the R* value
is presented in figure 8.6. The sample deposition conditions related to each R* value
are indicated in the inset. We observe that the samples B and C with R* = 0.25, which
degraded less upon light soaking, have a quite low initial light conductivity, oy,
compared to the other ETP samples. However, the stabilized oy follows the trend line
of the stabilized o7 of the other samples. This behavior seems to indicate that first of
all, the stabilized oy of an a-Si:H layer is depending on its microstructure (as suggested
by the line in figure 8.6) and secondly, if the material is highly defective in the initial
state, due e.g. to the non-optimum deposition conditions, it will degrade less. Sample
F deposited by rf-biased ETP-CVD is not in line with the other data points, as its 07
is rather low (3.2 X 10°° Q"l.cm'l), but in spite of that, the associated R* value, equal
to 0.14, is not large. We think that the light conductivity is limited by the electron
mobility (which was found, by time-of-flight, to be lower in those samples than in rf
PE-CVD a-Si:H samples, as mentioned in chapter 5). Subsequently, oy ,, and stabilized
oy, are relatively low and they are not in line with the other ETP samples. It appears
that the degradation process involves more than the hydrogen content and repattition
in the material.
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8.4.2  Degradation of solar cells with an ETP intrinsic layer

In order to investigate the degradation behavior of ETP-CVD material in a device,
solar cells in which ETP intrinsic material was implemented, were exposed to
llumination from a halogen lamp for more than 1000 hours. The evolution of the
standard ETP solar cell (E1) fill factor, FF, upon prolonged illumination is presented
in figure 8.7. The changes in open-circuit voltage, I, and in short-circuit current, J,
are far less prominent than that in FF. Therefore the evolution of the FF is used to
quantify the degradation behavior of the solar cells. The FF follows an S-shape curve,
but after 5000 h of light soaking, it drops very quickly instead of stabilizing. This
second drop of FFis in fact due to the degradation of the metal contacts as the solar
cell was not encapsulated for the experiment. Pinholes, either caused by the Ag-Al
layer deterioration or by the needle during measurements, have been observed in the
metal layers. The FI¥ decay as a function of illumination time can be fitted with a
stretched exponential, as shown in figure 8.7. Street has shown [10] that such a
function can describe the relaxation of the light-induced defect density, which in turn
was related to the FF [24]. The time dependence of the FF follows the relation:

FF =(FF,~R)*exp| ~(1/B)" |+ R ©)

with FF) the initial FF, Py, P, and Pj the fitting parameters among which P is the
estimated value of the stabilised FF.
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Figure 8.7: Evolution of cell E1 fill factor upon light soaking. The line is a stretched
exponential fit to the FF.

We obtain a sub linear dependence of the FI' on the illumination time. The
estimated value of the FF degradation from the stretched exponential fit is found to
be 24.4%, whereas the experimental value was 27.3%. However, if we do not consider
the last few points, because this further degradation of the FF is due to the
deterioration of the contacts, the FF decay becomes 23.7%, which is in good
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agreement with the fitted results. It is then concluded that it is not possible to
distinguish between metal contact degradation and solar cell degradation for
illumination time longer than 2000 hours. Therefore we will limit our study to these
2000 hours.

In figure 8.8, the J-1” characteristic of cell E1 is presented after various stages of
light soaking. After 2 days of exposure, I/ . decreased and J,. remained virtually
unchanged. After 20 days, J . has significantly decreased, as well as the FF. Further
exposure beyond 20 days does not reduce further the external parameters significantly
and we conclude that solar cell E1 has then reached its stabilized state.
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Figure 8.8: J-17 characteristics of solar Figure 8.9: Quantum efficiency at 0 V bias
cell E1 (ETP-CVD at 250°C and 8.9 of solar cell E1 (ETP-CVD at 250°C and
A/s) during light soaking. 8.9 A/s) during light soaking.

In figure 8.9, the variation of cell E1 quantum efficiency, taken at zero bias voltage,
is shown. It is interesting to compare the QE at 0 V bias to study changes in the cell.
It appears that the response, after two days exposure, is mainly reduced in the blue part
of the spectrum. Therefore we believe that at first, the degradation mainly affects the
upper part of the solar cell, and in particular near the p-i interface, where the photon
absorption is the highest. After 48 days of light soaking, the spectral response is
reduced for all wavelengths, meaning that the carrier collection from deep in the cell is
also limited. Following these results, we think that after prolonged light soaking,
degradation mainly occurs in the bulk of the intrinsic material in accordance with
Munyeme ef al. [29], who found that then the interface related degradation is reduced
and the bulk degradation becomes dominant. Moreover, Hack ¢# a/. [30] showed that
bulk recombination was related to the reduction of the carrier diffusion length and the
carrier lifetime.

In figure 8.10 the evolution of the external parameters of the solar cells towards
light soaking is presented. Figure 8.10 (a) shows the FF during light exposure. As a
reference, the FF light-soaking behavior of a solar cell made entirely by tf PE-CVD
(R1) is also presented. First of all, we obsetve that three ETP solar cells (E1, E3 and
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E4) have a similar degradation behavior as the rf PE-CVD cell. However, this is not
the case for E2, the cell with the i-layer deposited at very high growth rate (29 A/s) and
higher substrate temperature (300°C).
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Figure 8.10: Evolution in time of the external parameters of ETP solar cells during light
soaking. (a) Fill factor, (b) open-circuit voltage, (c) short-circuit current and (d) efficiency.

In the beginning this cell seems not to degrade at all and the FF even increases
slightly. However, the initial FF was rather low and after approximately 10 hours, it
starts to drop quite quickly. We have to note that the i-layer in this solar cell has a high
microstructure value, K* = 0.43, compared to the other i-layers. This result
corroborates the idea that light-induced defect creation depends on the initial quality
of the intrinsic layer and that samples with higher initial defect density degrade slower
[14]. Beside that, we observe that an external tf bias on the substrate during ETP-CVD
(cell E3) and annealing after deposition of the active layers (cell E4) improves the cell
performance, but the FF of these cells remains low compared to that of a cell deposited
five times slower by standard rf PE-CVD (R1, 2 A/s). Moreover, we can see that
although cell E3 degrades faster than cell E1 (standard ETP i-layer), the initial and
stabilized FF are higher. The improvement in stabilised FF might be related to the
lower density of nano-sized voids in the material, due to ion-bombardment, as
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concluded from lower R* values (R*(E1) = 0.39, whereas K*(E3) = 0.14). Cell E4
shows the highest initial and final FF obtained for the ETP cells. We note, however,
that the FF variation of the ETP solar cells as a function of light-soaking time do not
always show a clear sign of stabilization.

The 17, evolution upon the illumination time is plotted in figure 8.10 (b). The ETP
solar cells have their /. decreased due to the light soaking. This behavior seems to be
characteristic of ETP cells, but not of rf PE-CVD cells. 1. of R1 remains virtually
constant after up to thousand hours of illumination. We note that E1, deposited at low
growth rate and low T, has its |7 increased.

The short-circuit current density of the illuminated cells is given in figure 8.10 (c).
Jsc 1s almost constant throughout the experiment and, for ETP solar cells, it starts to
diminish after 100 hours of light soaking. Figure 8.10 (d) shows the evolution of the
cell efficiencies. After more than 1000 hours light exposure, the record cell E4 has an
efficiency of 4.7%, which represents a higher degradation (39%) than the tf PE-CVD
cell R1 (30%), but a somewhat lower degradation compared to both the high rate ETP
cell E2 (42%), the conventional ETP cell E1 (41%) or the rf-biased ETP-CVD cell E3
(40%). This implies that the degradation is apparently more or less similar for all ETP
cells.
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Figure 8.11: Degradation kinetics of solar cells with different intrinsic layer.

The normalized FI of the solar cells is presented in figure 8.11. From this figure it
is clear that the ETP solar cells follow different degradation kinetics depending on the
i-layer deposition conditions and cell E2 displays the longest period before the onset
of degradation. Furthermore, it does not show stabilization after 1000 hours exposure
to light. Cells E3 and E4, deposited under additional ion bombardment, present the
same pattern as cell R1, at least concerning the 50 first hours of the experiment. They
degrade further than cell R1, but stabilize after 2000 h. Finally, cell E1 has a
degradation behavior in between that of cell E2 and cell E3. It is interesting to note
that the FF degradation onset is cortelated to the microstructure parameter R* of the
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intrinsic layers: the higher the R* of the i-layer is, the later the FF starts to drop. The
i-layer R* values are indicated in figure 8.11. Moreover a lower R* value leads to higher
initial and stabilized FF, as pointed out by Guha ¢# a/. [31], who found that increasing
microvoid density and microstructure leads to the decrease of both initial and light-
degraded solar cell performance. The stabilized FF of cells E3 and E4 is higher than
that of cells E1 and E2, but so was already the initial FF (see Fig. 8.10 (a) and 8.10 (d)).
Finally we can note that the FF degradation pattern does not correlate to that of the
corresponding single-layer light conductivity.

In conclusion it appears that conditions under which powder formation is
restrained, like by introducing hydrogen in the nozzle and applying an external rf bias
in the substrate (see chapters 4 and 5), lead to a degradation behavior of the ETP solar
cells similar to that of an rf PE-CVD solar cell. However, the ETP cells degrade
relatively more than their rf PE-CVD counterparts. Further effort should concentrate
on the improvement of the stabilized efficiency of the ETP cells and for that purpose
the influence of carrier mobility on both material properties and solar cell performance
should be investigated.

The SWE can be reversed by carrying out a thermal annealing treatment in the dark
at temperatures above 150°C. However in our case, the metal contacts of the cells
presented here were deteriorated and it was not possible to evaluate the degree of
recovery of the solar cells after annealing. However, we did observe improvement of
all external parameters of a solar cell that was not degraded but kept as-deposited in
the dark at room temperature (see table 8.3). In eight months, the cell with an ETP
i-layer deposited at 9 A/s and 250°C self-annealed and hence has its efficiency
improved by 16% from 6 to 7%.

Date of measurement 7. (V) ], (mA/cm?) FF () 17 (%)

April 2003 0.737 14.6 0.559 6.01
September 2003 0.761 14.9 0.581 6.58
December 2003 0.789 15.2 0.582 6.97

Table 8.3: Self-annealing of an ETP cell preserved in the dark at room temperature.

8.5 Conclusions

In this chapter, the degradation of ETP a-Si:H thin films and single junction solar
cells upon prolonged light exposure were presented. First of all, the effect of light-
induced defects in single layers was studied by following the evolution of the light
conductivity. We found that the plasma chemistry plays an important role in the
degradation kinetics of a-Si:H, and layers deposited with additional hydrogen in the
nozzle degrade faster than their Hyy,,-less counterpart. However, both their initial
and stabilized light conductivities are enhanced. Material deposited at a higher
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substrate temperature is less sensitive to the SWE. Ion bombardment during film
growth does not reduce material degradation, but the films were deposited at a
substrate temperature of 250°C. None of the ETP deposition conditions has a
degradation behavior similar to that of tf PE-CVD, which degrades very fast. It seems
that a material with low initial defect density and higher medium-range order degrades
faster than a more disordered material. As a matter of fact the creation of new dangling
bonds is thought to be inhibited by the preexisting dangling bonds. Finally, the
microstructure and the total hydrogen content of the ETP material seems to correlate
with the stabilized light conductivity, a lower R* and ¢ leading to a higher stabilized
oy.

Secondly, the SWE on solar cells was studied by monitoring the external
parameters and the quantum efficiency as a function of light-soaking time. Quantum-
efficiency results show that degradation occurs first at the p-i interface, where most of
the photons are absorbed and hence, where recombination is highest. After prolonged
illumination, degradation takes place mainly in the bulk of the intrinsic layer, due to a
reduction of the internal electric field. Comparing the degradation of several solar cells
with an ETP i-layer to that of a rf PE-CVD solar cell, it was observed that the ETP
cells are more sensitive to the SWE and stabilize to a relatively lower FI and efficiency
than an rf PE-CVD cell. However, applying an tf bias on the substrate during ETP
a-Si:H growth, and annealing the solar cell before metallization, leads to an increase in
stabilized efficiency. Finally, the R* value influences the period before the onset of
degradation, but not the final performance of the solar cell. In order to improve the
stabilized efficiency of ETP solar cells deposited at high deposition rates and high
substrate temperature, more knowledge about carrier mobility and diffusion length
should be acquired and the evolution of these parameters upon light exposure should
be studied.

References

] D.L. Staebler and C.R. Wronski, Appl. Phys. Lett. 31 (1977) 292

| H. Dersch, J. Stuke and J. Beichler, Appl. Phys. Lett. 38 (1980) 456

| M. Stutzmann, M.C. Rossi and M.S. Brandt, Phys. Rev. B 50 (1994) 11592

4] M. Stutzmann, Mat. Res. Soc. Symp. Proc. Vol. 467 (1997) 37

5] H. Fritzsche, Annu. Rev. Mater. Res. 31 (2001) 47

6] U. Schneider, B. Schréder and F. Finger, J. Non-Cryst. Solids 114 (1989) 633

7] W.den Boer, M.]. Geerts, M. Ondris and H.M. Wentinck, J. Non-Cyst. Solids 66
(1984) 363

[8] D.L. Staebler and C.R. Wronski, J. Appl. Phys. 51 (1980) 3262

[9] V. Nadazdy and M. Zeman, Phys. Rev. B 69 (2004) 165213

142



ILLUMINATION OF ETP a-Si:H AND SUBSEQUENT MATERIAL AND DEVICE...

[10] R.A. Street, Hydrogenated amorphous silicon, Cambridge Solid State Science Series,
Cambridge University Press (1991) pg 203

[11] T. Gotoh, S. Nonomura, M. Nishio, N. Masui, S. Nitta, M. Kondo and A.
Matsuda, J. Non-Cryst. Solids 227 (1998) 263

[12] E. Spanakis, E. Stratakis, P. Tzanetakis and Q. Wang, J. Appl. Phys. 89 (2001)
4294

[13] S. Nonomura, N. Yoshida, T. Gotoh, T. Sakamoto, M. Kondo, A. Matsuda and
S. Nitta, J. Non-Cryst. Solids 266 (2000) 474

[14] M. Stutzmann, W.B. Jackson and C.C. Tsai, Phys. Rev. B 32 (1985) 23

[15] Y. Ichikawa, S. Fujikake, T. Takayama, S. Saito, H. Ota, T. Yoshida, T. Ihara and

H. Sakai, 23" IEEE Photovolatic Specialists Conference (1993) 27

[16] S. Yamasaki, T. Umeda, J. Isoya, A. Matsuda and K. Tanaka, Mater. Res. Soc.
Proc. 420 (1996) 587

[17] R.S. Crandall, D.E. Carlson, A. Catalano and H.A. Weakliem, Appl. Phys. Lett.
44 (1984) 200

[18] H.M. Branz, Phys. Rev. B 59 (1999) 5498

[19] H.M. Branz, J. Non-Cryst. Solids 266 (2000) 391

[20] V.L. Dalal, T. Maxson, K. Han and S. Haroon, J. Non-Cryst. Solids 227 (1998)
1257

[21] D. Adler, M.E. Eberhart, K.H. Johnson, and S.A. Zygmunt, J. Non-Cryst. Solids
66 (1984) 273

[22] D. Adler, Solar Cells 9 (1983) 133

[23] S.T. Pantelides, Solid State Comm. 84 (1992) 221

[24] G. Munyeme, Ph.D. thesis, Utrecht University (2003)

[25] S. Guha, J. Yang, D.L. Williamson, Y. Lubianiker, ].D. Cohen and A.H. Mahan,
Appl. Phys. Lett. 74 (1999) 1860

[26] S. Sugiyama, J. Yang and S. Guha, App. Phys. Lett. 70 (1997) 378

[27] G. Nakamura, K. Sato and Y.Yukimoto, Solar Cells 9 (1983) 75

[28] M. Stutzmann, R.A. Street, C.C. Tsai, ].B. Boyce and S.E. Ready, J. Appl. Phys.
66 (1989) 569

[29] G. Munyeme, M. Zeman, R.E.L. Schropp and W.F. van der Weg, Phys. Stat. Sol.
C1(2004) 2298

[30] M. Hack and M. Shur, J. Appl. Phys. 58 (1985) 1656

[31] S. Guha, J. Yang, S.J. Jones, Y. Chen and D.L. Williamson, Appl. Phys. Lett. 61
(1992) 1444

143



CHAPTER 8

144



Chapter 9

General conclusions

In this thesis some issues concerning a-Si:H thin films grown by expanding thermal
plasma chemical vapor deposition (ETP-CVD) and the relation between plasma
conditions, material properties and solar cell performance are addressed. The two first
chapters give a short introduction to the a-Si:H material, the ETP deposition set-up
and the methods used to characterise the a-Si:H layers and the solar cells. In Chapter
3 the reproducibility of a-Si:H layers grown with the ETP technique is investigated as
a function of the pressure in the arc, the plasma source, as well as the voltage across
the arc. The temperature control of the substrate and thus of the growing surface is
crucial for the reproducibility of the layers. Therefore a He back flow is used to bring
the substrate at the desired temperature. A variation of less than 5% is found for the
ETP a-Si:H layer properties, such as growth rate and mass density, whereas the
variation in the Urbach energy is less than 6%.

Polysilane radicals and silicon cluster ions, large silicon-related species present in
the plasma, affect negatively the properties of the grown layers for solar-cell
application and in order to minimize their growth contribution, two routes are
considered.

The first approach is discussed in Chapter 4 and aims at reducing the ion density
(mainly Ar™ ions) emanating from the arc by injecting hydrogen directly in the reactor
chamber via the nozzle, in addition to H, flow in the arc. We found that the growth
rate is increased compared to material grown without H, in the nozzle (up to 60 A/s
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in this study), partly due to an increase in reactor pressure and reduction of the ETP
beam diameter, but also due to the formation of extra radicals in the plasma. It appears
that the light conductivity, and thus the defect density, is strongly correlated to the
microstructure of the material, R* We think that a-Si:H containing a high content of
high-stretching mode configurations is less conductive due to defects, which operate
as recombination centers, on the surface of nano-voids incorporated in the material.
By studying the hydrogen bonding type in a-Si:H, it turns out that the transition
between vacancy- and void-dominated a-Si:H can be monitored with R*. For moderate
reactor pressures (< 0.21 mbar) this transition is observed for a critical ¢ of 14 at.%.
This critical ¢y shifts to lower values when higher reactor pressures are used.

In the second approach, discussed in Chapter 5, rf bias is applied to the substrate
during ETP-CVD, leading to ion bombardment of the surface. As a result of this ion
bombardment the polysilanes and cluster ions are broken up in smaller particles and/
or their surface mobility is increased. In the latter case, the adsorbed particles can
diffuse better to a favourable growth site. Two effects are competing: surface-mobility
enhancement, dominant at low power, and atom sputtering from the film surface,
dominant at high power. For solar-cell application, the first-mentioned effect is
considered as beneficial, whereas the latter seems to have deleterious consequences.
The application of a mild bias (~20-30 V) improves the film density, the bonding
configuration of hydrogen to silicon atoms and reduces the incorporation of defects.
As a result, the substrate temperature can be reduced by about 50°C while keeping the
same material properties.

An issue related to the growth of high-rate a-Si:H is the high substrate temperature
(= 300°C) that is needed to obtain solar-grade material. When those layers are
integrated in a p-i-n solar cell, the p-layer properties can deteriorate because of the high
temperature. In Chapter 6 we discuss the incorporation of microcrystalline silicon
p-doped (p-pc-Si:H) thin film in solar cells. These films combine heat resistance, high
conductivity and low absorption, making them a suitable candidate as window layer in
high-rate ETP solar cells. However, when incorporated in a solar cell with the i-layer
deposited at 3.3 nm/s and 400°C, it appears that the transparent conductive oxide used
as front contact (SnO,:F) is reduced during the p-pic-Si:H layer deposition by exposure
to H, plasma. Therefore no improvement in the performance of the solar cell is
observed with a microcrystalline Si layer compared to an amorphous one. To prevent
that effect, a thin ZnO layer should be applied on the SnO,:F, and a buffer layer should
be introduced at the p-i interface.

In Chapter 7 the effect of such a buffer layer at the p-i interface on the performance
of a-Si:H solar cells was investigated in cells with an a-SiC:H p-layer. The experimental
and simulation results show that initial device performance is enhanced with a
hydrogen-diluted a-Si:H layer of 10-nm thick. With a strong internal electric field, the
charge carriers are swept away from the interface region faster than when no buffer
layer is applied and the carrier-recombination probability is then reduced. Moreover,
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the initial layer grown with ETP-CVD, the so-called defect-rich layer, is moved away
from the region where most charge carriers are generated. Finally, thermal damage of
the p-layer, due to the high substrate temperature during deposition of the ETP i-layer,
is diminished. Ion bombardment as a result of rf biasing during high rate a-Si:H
deposition at moderate substrate temperature (> 10 A/s and 250°C) gives rise to
a-St:H with lower defect density, improved microstructure and opto-electronic
properties. The solar-cell performance is also improved. Furthermore, a double
annealing treatment permits to re-equilibrate the density of states deep in the intrinsic
ETP layer of the p-i-n cell and thus the carrier collection improves. With the above-
mentioned rf biased ETP a-Si:H i-layer and an optimized cell structure we obtained a
record single junction ETP solar cell: without highly reflective back contact, initial
efficiencies of 8.0% have been achieved.

The effect of light-induced defects in single layers and in solar cells was studied in
Chapter 8 by following the evolution of the light conductivity and the external cell
parameters, tespectively. Additional hydrogen in the nozzle enhances initial and
stabilized light conductivities, so does a higher substrate temperature. lon
bombardment during film growth at 250°C does not reduce material degradation. It
seems that a material with low initial defect density and higher medium-range order
degrades faster than a more disordered material. As a matter of fact the creation of new
dangling bonds is thought to be inhibited by the already existing dangling bonds.
Concerning the light-induced degradation of solar cells, it appeats that first the p-i
interface is deteriorated, where most of the photons are absorbed, hence where
recombination is highest. After prolonged illumination, degradation takes mainly place
in the bulk of the intrinsic layer. The R* value influences the period before degradation
onset, but not the final performance of the solar cell. ETP solar cells are more sensitive
to the Staebler-Wronski effect and stabilize to a somewhat lower FF and efficiency
than an rf PE-CVD cell. However, applying an f bias on the substrate during ETP
a-Si:H growth and annealing the solar cell before metallization lead to an increase in
stabilized efficiency.

Finally, the results show that the expanding thermal plasma CVD technique is
suitable for the deposition of hydrogenated amorphous silicon at high growth rates and
these layers can be successfully integrated into solar cells. So far, the record conversion
efficiency obtained with this technique and a single junction a-Si:H solar cell is similar
to that obtained with other thin film deposition methods. In order to increase the
performance of the ETP solar cells further, we recommend the following:

e To investigate the carrier lifetime-mobility as a function of the deposition
parameters, to understand the limited light conductivity with rf-biasing (it was
shown by Time-Of-Flight that, although holes have a higher mobility in ETP-
CVD material than in rf PE-CVD a-Si:H, the electron mobility is lower [Brinza,
Ph.D. thesis, Catholic University of Lenven, Belginm (2004)].)
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e To control the ion energy better during rf-biased ETP-CVD, by applying, i.e., a
modulated signal.

e To develop tandem or even triple junction cells, to enhance stabilized cell
efficiency and reduce the SWE.
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Summary

Title: Expanding Thermal Plasma Deposition of Hydrogenated
Amorphous Silicon for Solar Cells

by: Agnes Petit

At this time a breakthrough on the energy market of electricity generated by solar
cells depends on the cost reduction of the module production process. In that view,
thin-film solar cells are promising devices because of the possibility to use inexpensive
material, like hydrogenated amorphous silicon (a-Si:H) and relatively well-known
fabrication techniques for the photovoltaic part of the cells based on chemical vapor
deposition (CVD). However, the growth rate of the semiconductor thin layer remains
one of the issues affecting the costs. With expanding thermal plasma (ETP) CVD high
deposition rates (up to 100 A/s) have been achieved and material with good properties
was obtained. In order to implement this high-rate material successfully into solar cells,
more insight into the a-Si:H properties depending on the plasma conditions is required.
In this thesis, the a-Si:H film properties deposited by ETP-CVD are studied, as well as
a-Si:H single junction solar cells containing an ETP intrinsic layer.

Under the conditions studied, silane (SiH,) is mainly dissociated by hydrogen atoms
present in the reactor, resulting in a domination of silyl (SiHj) radicals as growth
precursors of a-Si:H. However, large silicon-containing species, such as polysilane and
cluster ions, are present in the plasma as well, especially at high reactor pressures. The
work described in this thesis aims to gain a better understanding of the relation
between plasma conditions and a-Si:H material properties, and the performance of the
related single junction solar cells. The bonding configuration of hydrogen in a-Si:H,
determined by infrared spectroscopy, is found to have an important role in the material
properties. It was demonstrated before that the a-Si:H structure can be divided into
two distinct regions in the hydrogen concentration: one region for low hydrogen
concentration which is dominated by vacancies and one region for high hydrogen
concentration which is dominated by voids. Moreover, the incorporation of vacancies
and voids in the film depends on growth rate and substrate temperature. In this thesis
it is shown that also the reactor pressure in addition to the growth rate and substrate
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temperature determines the transition between the vacancy- and void-dominated
regions. The results suggest that dust formation, or large-particle generation in the
plasma, is the underlying principle of this dependence of optimal material properties
on reactor pressure. It is demonstrated that the critical hydrogen content, at which the
transition between the vacancy- and void-dominated regions is found, is lowered for
higher reactor pressure. The light conductivity and defect density show a relation with
the a-Si:H network structure. Furthermore, the high substrate temperature needed to
obtain optimal material properties for deposition rates larger than 10 A/s is an issue
for the fabrication of p-i-n solar cells as it induces deterioration of the undetlying
layers. The effect of hydrogen injected in the nozzle and that of an rf bias applied on
the substrate on material properties are discussed in this thesis. Because of the remote
generation of the ETP plasma, no significant ion bombardment occurs on the surface.
The addition of a mild rf bias on the substrate entails an improvement in film density
and a reduction in defect incorporation. It is found that the substrate temperature can
be reduced while keeping the same material properties.

Finally, the feasibility of making a working single junction solar cell, with as intrinsic
layer a high rate ETP layer, is addressed. The performance of solar cells does not
depend only on the material properties of each individual layer that forms the cell, but
also on the device structure and post-treatment. In this thesis it is demonstrated that a
10-nm thick buffer layer, situated at the p-i interface, enhances the fill factor and the
open-circuit voltage. The results indicate that a H-diluted buffer layer protects the
p-layer from thermal damage and ensures a low defect density at the p-i interface where
most of the carriers are generated. An annealing treatment of the cell before
metallization improves the cell performance further, although the stabilised efficiency
is not significantly improved. With these conditions, a record single junction a-Si:H
solar cell, with the intrinsic layer prepared with the ETP technique at 11 A/s and at
250°C, has been obtained: the initial efficiency was 8.0%, which stabilised at 4.7% after
1100 h illumination.
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Samenvatting

Titel: Depositie van Zonnecellen van Amorf Silicium met behulp van
Expanderend Thermisch Plasma

Door:  Agnes Petit

Op dit moment hangt een doorbraak op de energiemarkt van
elektriciteitsopwekking met zonnecellen af van de kostenverlaging van het
productieproces van modules. Vanuit dit oogpunt zijn dunne-film zonnecellen
veelbelovende devices, omdat het mogelijk is om goedkope materialen, zoals amorf
silicium (a-Si:H), te gebruiken en relatief bekende fabricagetechnieken toe te passen die
gebaseerd zijn op chemisch opdampen (chemical vapor deposition, CVD), voor het maken
van het fotovoltaische deel van de cel. De groeisnelheid van de halfgeleidende dunne
lagen blijft echter één van de belangrijke onderwerpen die de kosten beinvloeden. Met
expanderend thermische plasma (ETP) CVD zijn hoge groeisnelheden (tot 100 A/s)
gehaald en is materiaal met goede eigenschappen verkregen. Om dit materiaal dat bjj
hoge groeisnelheden is verkregen in zonnecellen te implementeren, is meer inzicht
nodig hoe de eigenschappen van a-Si:H athangen van de plasma-omstandigheden. In
dit proefschrift worden de eigenschappen van dunne lagen van a-Si:H bestudeerd die
gegroeid zijn met ETP-CVD, alsook enkelvoudige junctie zonnecellen van a-Si:H
waarin een intrinsieke laag is opgenomen die gemaakt is met ETP-CVD.

In de bestudeerde groei-omstandigheden wordt silaan (SiH,) voornamelijk
gedissocieerd door waterstofatomen die in de reactor aanwezig zijn, wat leidt tot een
groeiproces van a-Si:H dat gedomineerd wordt door SiHj radicalen. Grote silicium-
bevattende deeltjes, zoals polysilanen en clusterionen, zijn echter ook aanwezig in het
plasma, in het bijzonder bij een hoge reactordruk. Het doel van het werk dat in dit
proefschrift is beschreven, is een beter begrip te verkrijgen van de relatie tussen de
plasma-omstandigheden enerzijds, en de materiaaleigenschappen van a-Si:H en de
prestatie van enkelvoudige junctie zonnecellen anderzijds. We hebben gevonden dat
bindingsconfiguraties van waterstof in a-Si:H, bepaald met behulp van infrarood
spectroscopie, een belangtijke invloed hebben op de matetiaaleigenschappen. Eerder
is aangetoond dat op basis van de waterstofconcentratie de structuur van a-Si:H
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verdeeld kan worden in twee aparte regios: een regio voor lage waterstofconcentraties
waarin de structuur bepaald wordt door vacante plaatsen (vacancies) in het silicium
netwerk en een regio voor hoge waterstofconcentraties waarin de structuur bepaald
wordt door gaten (voids) in het materiaal. Het is gebleken dat het inbouwen van deze
vacante plaatsen en gaten in het materiaal bepaald wordt door de groeisnelheid en de
substraattemperatuur. Uit de resultaten die gepresenteerd zijn in dit proefschrift blijkt
dat ook de reactordruk een belangrijke parameter is. Er wordt aangetoond dat de
kritische waterstofconcentratie waar de overgang plaatsvindt van de ene naar de andere
regio, lager is naarmate de reactordruk hoger wordt. De lichtgeleiding en de
defectdichtheid laten een relatie zien met de structuur van het a-Si:H netwerk. Verder
blijkt dat de hoge substraattemperatuur die nodig is om optimale materiaal-
eigenschappen te verkrijgen voor groeisnelheden hoger dan 10 A/s een onderwerp van
discussie is voor het maken van p-i-n zonnecellen, omdat de eigenschappen van de
onderliggende lagen hierdoor verslechteren. Het effect van waterstof dat via de
uitstroomopening in het plasma wordt geinjecteerd en het effect van een rf spanning
die op het substraat wordt aangelegd op de materiaaleigenschappen wordt
bediscussieerd in dit proefschrift. Omdat de plaats waar het plasma gecreéerd wordt
niet in direct contact staat met het substraat, vindt er geen ionenbombardement plaats
op het oppervlak van de groeiende laag. Het aanleggen van een beperkte rf spanning
op het substraat leidt tot een verbetering van de dichtheid van de laag en een verlaging
van de defectdichtheid. Het blijkt dat met het aanleggen van een tf spanning op het
substraat de substraattemperatuur verlaagd kan worden met behoud van de
materiaaleigenschappen.

Als laatste is de haalbaarheid onderzocht om een werkende enkelvoudige junctie
zonnecel te maken waarin een intrinsieke laag van a-Si:H is ingebouwd die gemaakt is
met ETP-CVD. De prestatie van de zonnecellen hangt niet alleen af van de
materiaaleigenschappen van de individuele lagen van de cel, maar ook van de
devicestructuur en de processtappen na de depositie van de cel. In dit proefschrift
wordt aangetoond dat een bufferlaag met een dikte van 10 nm tussen de p- en i-laag
de vulfactor en de open-klemspanning vergroot. De resultaten laten zien dat een
bufferlaag die gegroeid is gebruikmakend van een sterke waterstofverdunning van het
plasma, de p-laag beschermt tegen nadelige effecten van de hoge temperatuur die
nodig is voor de ETP i-laag. Verder zorgt deze laag ervoor dat de defectdichtheid laag
is bij de p-i overgang waar de meeste ladingsdragers worden gegenereerd. Een
warmtebehandeling van de cel voordat het metalen achtercontact wordt opgedampt,
verbetert het initiéle rendement van de cel nog meer, al heeft het nauwelijks een
significant effect op het gestabiliseerde rendement. Op deze manier is een
enkelvoudige junctie zonnecel van a-Si:H gemaakt met een record rendement, waarvan
de intrinsieke laag gegroeid is met ETP-CVD bij een groeisnelheid van 11 A/s en een
substraattemperatuur van 250°C: het initi€le rendement was 8.0%, welke stabiliseerde
op 4.7% na 1100 uur belichting.
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