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ABSTRACT

THERMAL STABILITY AND DEFECT STRUCTURE OF
HOT-WIRE DEPOSITED AMORPHOUS SILICON

CHRISTOPHER JOSEPH ARENDSE
Ph.D. Thesis, Department of Physics, University of the Western Cape

Hydrogenated amorphous silicon (a-Si:H) thin films are presently used in several
large-area thin-film applications. However, one major concern of a-Si:H is the fact that
the stability of the material degrades when it is exposed to prolonged sunlight
illumination. This effect, referred to as the Staebler-Wronski effect (SWE), is however
reduced when using hot-wire (HW) deposited a-Si:H material with a low hydrogen
concentration and favourable microstructure. In this thesis we report on the thermal
stability of HW-deposited a-Si:H thin films, with different H-concentrations and

bonding configurations, when exposed to elevated temperatures in excess of 100 °C.

In this study we propose a model that describes how the thermal stability is influenced
by the migration and bonding behaviour of hydrogen. Infrared spectroscopy and
Raman scattering analyses provide evidence that the original site of hydrogen emission
is the =Si—H bond, caused primarily by an increase in the network disorder, which
consequently results in a reduction of the =Si—H bond strength and the optical band
gap. Furthermore, this mechanism results in the creation of hydrogen-terminated
silicon dangling bonds that eventually align to form low concentrations of larger open-
volume defects or microvoids, as probed by Doppler-broadening and positron lifetime

spectroscopy.
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CHAPTER 1

Introduction

1.1 HYDROGENATED AMORPHOUS
SILICON

Silicon is bonded covalently in both its crystalline and amorphous phases. The
structure of amorphous silicon is believed to be a random network with four-
coordinated atoms in their local bonding configuration [1.1]. Amorphous silicon
(a-Si), in contrast to crystalline silicon (c-Si), is not homogeneous in the long-
range order due to defects and vacancies present in the amorphous network [1.2].
This results in a-Si behaving like a direct band gap semiconductor and
consequently having a much higher absorption coefficient, about 10* cm™ at an

energy of 2 eV, compared to that of c-Si.

A schematic representation of the density of states (DOS) in a-Si is shown in
Figure 1.1. The average Si—Si bond angle and inter-atomic distance in a-Si deviate
from the ideal tetrahedral structure, which causes a broadening of the valence and
conduction bands into the band gap and consequently resulting in tail states at the
band edges. The average bond angle in a-Si deviate by 7° - 14° from the

tetrahedral value of 109.5° [1.3]. The average bond length in a-Si is about 1.9 %
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longer than that in c-Si, resulting in a volume expansion and consequently in a

reduction in the mass density, of about 1.8 % less dense than c-S1 [1.4].

A prominent feature in the DOS of a-Si is the presence of defect states in the mid
band gap. This is primarily due to the three-fold coordinated silicon atoms, which
results in the presence of dangling bonds. These dangling bonds can act as
efficient traps, thereby diminishing the electronic properties of the material. In
pure a-Si the dangling bond density is of the order of 102 cm? [1.5] and this can
be reduced by introducing hydrogen into the a-Si network. The essential role of
hydrogen in a-Si is its ability to passivate the dangling bonds. The resulting
material is referred to as hydrogenated amorphous silicon (a-Si:H). Hydrogenation
to a level of about 10 at.% reduces the defect density by several orders of
magnitude to about 5 x 10" cm”. Hydrogenation not only reduces the defect
density in a-Si, but also provides more structural relaxation, as seen by the
reduction in the disorder present in a-Si:H [1.1]. Figure 1.2 draws a comparison

between the structure of ¢-Si and a-Si:H.

Defect States

N(E)

Conduction

Band

Band Tails
Figure 1.1  Schematic representation of the density of states in amorphous

silicon.
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The opto-electronic properties of a-Si:H critically depends on the preparation
technique, deposition conditions and thermal history. Acco et al. [1.6 — 1.7] have
shown that the solubility for hydrogen in a-Si:H prepared by ion implantation is
about 4 at.%. When this solubility level is exceeded, the amorphous structure
becomes unstable to inhomogeneity formation and, upon annealing at 400 °C,

nanoscale H-rich defects or nanovoids nucleate and grow in size [1.7 — 1.8].

(@)

Si-dangling bond H-passivated defect

Figure 1.2 Comparison between the structure of (a) c-Si and (b) a-Si:H.

Device-quality a-Si:H deposited by glow discharge (GD) and hot-wire (HW)
chemical vapour deposition contains about 10 at.% and 2 at.% hydrogen
respectively [1.1, 1.9]. Small-angle x-ray scattering (SAXS) measurements
supplemented by flotation analysis revealed that a-Si:H is not homogeneous, but
contains low density nanovoids with typical sizes of 1 — 10 nm embedded in the
amorphous network [1.10]. However, it has been shown that the nanovoid
concentration for GD and HW a-Si:H grown at deposition temperatures of 250 °C
and 390 °C respectively are below the present SAXS detection limit of 0.01 vol.%
[1.8, 1.11]. At growth temperatures below 300 °C, HW a-Si:H contains a
significant fraction of larger microvoids as compared to that of GD a-Si:H grown

at the same temperature [1.9].
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A crucial prerequisite for the understanding of the microstructure in a-Si:H is an
understanding of the hydrogen distribution in the amorphous network. Nuclear
magnetic resonance (NMR) measurements provided evidence that the spatial
distribution of hydrogen in a-Si:H is not homogeneous, where two separate
hydrogen phases have been identified [1.12 — 1.14]. The first is the isolated phase,
corresponding to =Si—H monohydrides that are well separated from each other.
The second phase contains the remainder of the hydrogen and consists of small
volumes of clustered hydrogen, which are present in =Si—H bonds on void
surfaces, =Si=H; dihydrides and (=Si=H,), polyhydrides. Device-quality GD a-
Si:H typically contains 5 — 7 hydrogen atoms per cluster and these clusters are
well separated from each other. Contrary to this, Wu et al. [1.15] have shown that
the microstructure of clustered hydrogen in device-quality HW a-Si:H, with an H-
concentration of less than 4 at.%, is quite different. The large hydrogen clusters in
this material contains at least 14 hydrogen atoms per cluster, which accounts for
about 90 % of the total bonded hydrogen concentration. The different
microstructure of device-quality HW a-Si:H deposited at high growth
temperatures is due to an improved structural order, and consequently a lower
fraction of hydrogen is required for structural relaxation [1.15], which is below

the solubility level in a-Si:H prepared by ion implantation.

With the first deposition of a-Si:H in 1965 [1.16] it was assumed that any donor
and acceptor atoms would not be active in the material, since it was believed that
the dopant atoms would always find a lattice site where they are electrically
inactive. However, in 1975 Spear and LeComber showed that it was possible to
dope GD a-Si:H by introducing diborane (for p-type material) and phosphine (for
n-type material) to the deposition chamber [1.17]. It was found that the doping
efficiency, which is defined as the fraction of the introduced dopant atoms that are
electrically active, is extremely low for a-Si:H. For ¢-Si the doping efficiency is of
the order of unity, whereas in a-Si:H it can range from 10 to 10, depending on
the deposition conditions. Thus, for a-Si:H more dopant atoms have to be
incorporated into the reaction chamber as compared to c-Si. This breakthrough

made a-Si:H suitable for various technological applications and resulted in a rapid
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increase of research activities in this field. Shortly after this discovery the first a-
Si:H solar cell was produced, which consisted of an intrinsic layer sandwiched

between a p-type and n-type doped layer [1.18].

1.2 METASTABILITY: THE STAEBLER-
WRONSKY EFFECT

One major drawback of a-Si:H, and subsequently devices made from this material,
is the fact that the electronic properties of the material degrade when it is exposed
to prolonged sunlight illumination. The first observation of the degradation dates
back to 1977, where Staebler and Wronski observed that the dark-conductivity
and photo-conductivity of GD a-Si:H are significantly reduced under prolonged
illumination by an intense light source [1.19]. This light-induced effect is known

as the so-called Staebler-Wronski Effect (SWE), which manifests itself by an
increase in the dangling bond density from less than 10'® ¢cm™ in intrinsic a-Si:H
to about 10" cm™ [1.1, 1.20]. However, the SWE is a self-limiting process; i.e.
the defect density saturates after a long time. These defects are metastable and can
be reversed by annealing at moderate temperatures in excess of 150 °C for several

hours.

The dangling bond density, Ng,, under prolonged illumination is related to the

light-soaking time, t, by [1.21]:

Ngp(t) o G** 7 (1.1)
where G refers to the generation rate of the dangling bonds.
It has been shown that the SWE is critically dependent on the H-concentration and

hydrogen distribution in a-Si:H. Films with low H-concentrations and favourable

microstructure show a reduced degradation. Regardless of the many mechanisms
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that have been put forward to explain the light-induced metastability of a-Si:H, an
unambiguous microscopic model for the SWE has not yet been identified [1.22 -

1.27].

Kamei et al. [1.28] have successfully demonstrated that the SWE is not caused by
impurities in the material, since the effect was also observed in pure a-Si. This is a
direct proof that the SWE is intrinsic to a-Si:H and it does not depend on the
concentration of the major impurities below a critical value of about 10" em™. It
has been established that the SWE is a bulk effect and that the driving force
behind it is the non-radiative recombination of photo-generated charge carriers at

metastable defect sites [1.29], identified later as the =Si—H bond [1.25].

The most recent and promising model for the SWE has been proposed by Branz
[1.25 - 1.26], providing a direct link between hydrogen diffusion and metastable
defect creation. If an electron-hole pair recombines in the vicinity of an =Si-H
bond, the recombination energy is used to excite the hydrogen atom into a mobile
state, since the recombination energy is of the same order as the activation energy
for hydrogen diffusion. The mobile hydrogen then diffuses interstitially through
the amorphous network, leaving behind a Si dangling bond that is
indistinguishable from native dangling bonds. Each reactive mobile hydrogen
atom breaks a strained Si—Si bond and consequently results in the formation of a
weak =Si—H bond and two Si dangling bonds. A schematic of this model for the
SWE is illustrated in Figure 1.3. When two mobile hydrogen atoms collide, an
immobile metastable two-hydrogen complex is formed and eventually becomes

trapped in H-rich clusters or voids [1.6 — 1.8].

In conclusion, even though there is no universal consensus about the microscopic
origin for the SWE, it is generally believed that the main cause is the
recombination processes that result in the creation of metastable Si dangling

bonds.
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Figure 1.3 A schematic illustration of the SWE, showing (a) the breaking of
the =Si—H bond and diffusion of hydrogen; and (b) the creation of
two Si dangling bonds (D) after mobile hydrogen breaks a strained
Si—Si bond and consequently forming a weak =Si—H bond [1.30].

1.3 DEPOSITION

Until recently, plasma enhanced chemical vapour deposition (PECVD) was the
most commonly used technique for the deposition of a-Si:H. In this technique
silane gas (SiH4) dissociates in a radio-frequent (RF) electric field, with a typical
frequency of 13.56 MHz, applied in vacuum between two electrodes. The Si—Hy
(x =1,2,3) radicals present in the plasma are collected on a substrate, e.g. glass,
which is attached to the grounded upper electrode. The temperature of the
substrate, typically between 100 — 300 °C, is one of the most important
parameters which determines the eventual structure and quality of the deposited a-

Si:H film.

A new technique for the deposition of a-Si:H was introduced by Wiesmann et al.
in 1979 [1.31]. This technique relies on the catalytic decomposition of SiH, into
Si-Hy (x =1,2,3) radicals by a hot-wire filament. The filaments are made of

tungsten (W) or tantalum (Ta), usually at temperatures between 1600 — 2000 °C.
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This technique is referred to as the hot-wire chemical vapour deposition
(HWCVD) process or catalytic chemical vapour deposition (Cat-CVD). Details of
the mechanisms influencing the hot-wire deposition of a-Si:H are discussed
elsewhere [1.32 — 1.33]. The HWCVD process is complicated, due to the many
variables in the deposition process which must be controlled to deposit device-
quality a-Si:H; e.g. deposition pressure, substrate temperature, gas flow rate, gas

mixture and the geometry of the deposition chamber.

The a-Si:H films deposited by Wiesmann et al. [1.31] were of poor-quality,
primarily due to deposition at high pressures. Later, Matsumura [1.34] showed
that device-quality a-Si:H films can be deposited at a substrate temperature of
300°C with a deposition rate of about 5 A/s. In 1989 he showed that the H-
concentration of device-quality HW a-Si:H is as low as 3 at.% [1.35]. Following
this work, Mahan et al. [1.36] deposited device-quality HW a-Si:H with opto-
electronic properties equal to or better than that of conventional GD a-Si:H,
particularly with H-concentrations as low as 1 at.%. Intrinsic HW a-Si:H layers
have been successfully incorporated into solar cell technology [1.37 — 1.38] and
show a reduced degradation upon light soaking as compared to devices with GD
intrinsic layers [1.39 — 1.40]. This reduced SWE is attributed to the low H-
concentration in HW a-Si:H as compared to that of conventional GD a-Si:H. The
efficiency of solar cells with HW intrinsic a-Si:H layers typically ranges between

5-10%.

The fact that device-quality a-Si:H films with low H-concentrations can be
deposited at high deposition rates by the HWCVD process, makes this technique
worth studying from an applications point of view, especially for solar cell

production.
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1.4 AIMS AND OUTLINE

Today, a-Si:H is successfully used in several large-area thin-film applications, like
liquid crystal displays, photocopiers and solar cells. However, as mentioned
before, one major concern of a-Si:H, and subsequently devices made from this
material, is the fact that that the stability of the material degrades when it is
exposed to prolonged illumination. In the manufacturing of the devices the
intrinsic a-Si:H layer is usually subjected to further heat treatments, e.g. post-
deposition of the n- and p-layers. Furthermore, in subsequent use the devices may
also be exposed to radiation and temperature cycling over a wide range of
temperatures. Due to the above-mentioned complications, it is of cardinal
importance to investigate the stability of hot-wire deposited a-Si:H, not only when
exposed to prolonged illumination, but also when exposed to elevated

temperatures.

In this thesis, we report on a comparative study of the thermal stability of a-Si:H
with different H-concentrations and bonding configurations. The primary aim of
our work is to investigate the influence of the as-deposited H-concentration and
bonding configuration on the changes in the microstructure, structural disorder,
optical band gap and defect structure when exposed to temperatures in excess of

100 °C.

The two extreme materials we have used are device-quality a-Si:H, with low H-
concentration and superior microstructure, and poor-quality a-Si:H, with high H-
concentration and inferior microstructure, both deposited by the HWCVD process.
In general there is no technological application for poor-quality material, but from
a scientific point of view is it important since many phenomena that are observed

in device-quality material are dramatically enhanced in poor-quality material.
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The structure of this thesis is as follows:

Chapter 2 deals with the basics of the MVSYSTEMS HWCVD reaction chamber and
the various analytical techniques used to characterise the a-Si:H films.
Understanding these techniques is important for the interpretation of the results of
the various experiments. Particular emphasis will be placed on positron
annihilation and Raman scattering, since these techniques are not widely used in
the research of a-Si:H.

In Chapter 3 we report on the effects of isochronal annealing on the infrared
absorption spectra of the a-Si:H films. We will focus on the influence of the initial
H-concentration on changes in the hydrogen bonding configuration and migration.
Chapter 4 focuses mainly on the effects of isochronal annealing on the phase
transitions and, more importantly, on the structural disorder present in the films,
using Raman scattering. We will relate the structural disorder to the changes in H-
concentration, and moreover, investigate the effect of H-concentration and
structural disorder on the optical band gap.

In Chapter 5 we report on the effects of isochronal annealing on changes in the
defect structure, using Doppler-broadening positron annihilation spectroscopy.
This technique is able to detect the changes in the size and concentration of the
defects present in the material and, moreover, provide information on types of
defects present in the material. The changes in the defect structure will be related
to the H-concentration and structural disorder present in films. Finally, we will
provide a possible microscopic model for the thermal stability of hot-wire
deposited a-Si:H.

General concluding remarks will follow in the Summary.

10
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CHAPTER 2

Experimental Techniques

2.1 INTRODUCTION

This chapter provides a description of the hot-wire reactor chamber used for the
deposition of the a-Si:H samples and of the analytical techniques used to
characterise the samples under investigation in this thesis. Techniques widely
known and long applied to the research of amorphous silicon will be briefly
discussed. Particular emphasis will be placed on positron annihilation, Raman
scattering and elastic recoil detection. The relevance of these techniques to this
study will be discussed in a brief introduction, followed by a theoretical
background and the experimental set-up. The data analysis procedures of each

technique will be discussed later in the relevant chapters.

2.2 THIN FILM DEPOSITION

2.2.1 THE MVSYSTEMS HOT-WIRE REACTION CHAMBER

The MVSYSTEMS hot-wire CVD system [2.1 — 2.2] is specifically designed for the
production of high quality thin film semiconductors and devices. The deposition
process occurs primarily in an ultrahigh vacuum (UHV) reaction chamber, capable

of achieving a pressure of 107 Pa. The reaction chamber is made of a welded 304
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stainless steel construction complete with CF flanges with copper gaskets to
connect the pumps, heater well, gate valve, gas supply and exhaust, view ports and
instrumentation. A cross-sectional view of the reaction chamber is given in Figure
2.1. The system has a 1250 W substrate heater, mounted in a well on the top flange
of the chamber. A panel-mounted controller with a type K thermocouple attached
to the bottom of the heater well controls the temperature of the substrate heater. A
stainless steel backing plate, placed against the back of the substrate holder, is used

to ensure a homogeneous substrate temperature.

.

Thermocouple

Heater Element

Substrate Holder

< »

Shutter

To Turbo Pump
) »

Filaments

l--]Gas Inlet

Figure 2.1  Cross-sectional view of the MVSYSTEMS hot-wire reaction chamber.
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A shutter reservoir houses a sturdy shutter, which is used to protect the substrate
until the proper deposition parameters are attained and to control the deposition
exposure time. The shutter is moved in and out of the chamber by using a sliding
magnet manipulator between the outer and inner magnet stops. Seven parallel
tantalum (Ta) filaments, separated 15 mm apart, are supported on a removable base
plate, which includes a power feedthrough and a type K thermocouple feedthrough
for reference. The diameter of the Ta wires amounts to 0.25 mm. The distance
between the substrate holder and the filament amounts to 18 mm. The temperature
of the filament is directly measured by an optical pyrometer. All the components
are mounted on a sturdy steel frame that can be moved to alternate locations if
desired. The equipment requires a 3 phase 280 V power supply with a 50 A circuit

breaker.

2.2.2 SUBSTRATE TEMPERATURE CALIBRATION

The substrate temperature is one of the most important deposition parameters that
determines the eventual structure and quality of the deposited a-Si:H film.
Therefore it is of utmost importance that the substrate temperature is calibrated
with the effects of both the substrate heater and filament temperatures. Figure 2.2
shows the plot of the stabilized substrate temperature versus the heater
temperature, with the filament temperature at 1600 °C and the shutter open. The
substrate temperature was measured with the thermocouple mounted on a
crystalline silicon substrate. The measurements were performed with both the
filament and heater temperatures stabilised. The heat transfer between the heater,
filament and the substrate is by radiation only. At low heater temperatures the
contribution of the filament temperature to the substrate temperature is more than
that of the heater temperature. The relation between the substrate temperature
Tsubstrate and the heater temperature Theaer, for 150 °C < Theaer < 550 °C, and the
filament at 1600 °C can be described by the following fitted polynomial:

+0.514T, .., +103.68 (2.1)

=4.07x107*T2

heater

T

substrate heater
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2.2.3 SUBSTRATE PREPARATION

400

450

500 550

600

Substrate temperature versus heater temperature for Tg; = 1600 °C.

The a-Si:H films were simultaneously deposited on the following substrates:

single-side polished <100> crystalline silicon (20-30 Q/cm) and Corning 7059

glass. This allows for various characterisation techniques. Before deposition, the

substrates were ultrasonically cleaned with organic solvents to rid their surfaces

from impurities. The cleaning sequence was as follows: 5 minutes in acetone

followed by 5 minutes in methanol. The substrates were then washed in deionised

water to remove any traces of the solvents. The adhesion of the films on the

Corning 7059-glass substrate is found to be sufficient. However, the adhesion of

the films on the c-Si substrate is quite poor and is enhanced by a subsequent

etching in a 5 % HF-solution for about one minute. After drying the substrates,

they were mounted onto a rectangular stainless steel substrate holder, which can

accommodate both the substrates, each having an area of 25 x 25 mm”.
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2.2.4 GASSUPPLY

Seven different gases can be supplied to the reaction chamber: argon (Ar), nitrogen
(N3), silane (SiHy), hydrogen (H,), phosphine (PHj;), diborane (B;Hg) and methane
(CHy). These gases are supplied by a gas system consisting of a supply, exhaust,
solenoid valves that are normally closed, manual valves and mass flow controllers.
Figure 2.3 shows a schematic representation of the gas supply to the reaction

chamber.

The gas supply units are connected to the different gas bottles through Matheson
pressure regulators. The gas flows via the mass flow controllers to the reaction
chamber and out via the exhaust, which is situated at an elevated position. The gas
line connections to the reaction chamber are controlled with high vacuum
pneumatic valves that are normally closed, controlled from a separate set of

solenoid air pressure valves. A Leybold Trivac B rotary-vane pump with a

pumping speed 40 m*/h is used to pump the exhaust.

Ar or Ny is used to purge the gas lines and the reaction chamber before or after
each deposition run and when a gas bottle is changed. For the deposition of
undoped a-Si:H films pure or diluted SiH, in H; is used. PH3 and B,Hj are used for
n- and p-type doping respectively. A maximum flow rate of 100 sccm” can be
passed by the mass flow controllers, except for the PH; and B,H¢ controllers,

which have maximum flow rates of 10 sccm”.

" sccm = standard cubic centimetre per minute

1scem =V, x 10° m*/60s ~ 7.440 x 107 mols™

18
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2.3 POSITRON ANNIHILATION

2.3.1 INTRODUCTION

Positron annihilation is non-destructive and about the best technique for probing
the defect structure in solids, e.g. vacancies and vacancy-type defects. Shultz and
Lynn [2.3] have given a review of positron annihilation techniques in solid state
applications, which include studies on amorphous silicon. In this thesis we have

used Doppler-broadening measurements to study the defect structure of a-Si:H.
2.3.2 THEORY

In dense materials a positron, B, which has a vacuum-lifetime of ~ 2 x 10°! a,
rapidly thermalises and annihilates with an electron, €, predominantly via a two-

photon process:
B + & —> 2y 2.2)

The thermalization occurs by phonon excitation on a time scale of ~ 10 ps and the
annihilation within ~ 1 ns. The energy of each photon amounts to approximately

mec2 =511 keV.

The exact energies of the photons depend on p, the total momentum of the
positron-electron pair in the laboratory frame, as illustrated in Figure 2.4. In the
centre-of-mass frame the photon emission is exactly collinear, as shown by the
dashed vectors. If p,, the transverse component of p, is non-zero, the photon
momenta in the laboratory frame are no longer at a 180° angle, as indicated by the
solid vectors. While the deviation from collinearity, @, depends on the magnitude
of py; the size of the longitudinal component p; determines the energy shifts of the

photons.
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For non-relativistic electrons (p << mcc) the photon energies observed in the

laboratory frame are mec’ — AE and mec® + AE, where:

AE =P 2.3)
2
and;
=L (2.4)
m_.cC

The Doppler-broadening technique is essentially a measurement of the distribution
of AE, whereas the measurement of @ is referred to as two-dimensional angular
correlation of annihilation radiation (2D-ACAR). In this study we focus our
attention on Doppler-broadening measurements to study the positron trapping sites

in a-Si:H, e.g. voids.

Figure 2.4  Conservation of momentum for annihilation into two photons of an
electron-positron pair with total momentum p. The vectors p; and py
are the longitudinal and transverse components of p, respectively.
Dashed vectors represent the collinear photon emission in the
centre-of-mass frame. The solid vectors are the photon momenta in
the laboratory frame, where a deviation @ from collinearity is

observed. The magnitude of p is not to scale.
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For a particular implantation energy E the slowing down process, which is due to
multiple scattering of the positrons in the solid, produces an implantation profile

P(z,E) [2.4] that is given by:

P(z,E) = —-(%expli—- [ZE-J } 2.5)

The range parameter, z,, has an energy dependence and is given by:

o
=————E" 2.6
= p T(1+1/m) 20

where p is the mass density of the sample and I" is the gamma function.

Widely accepted empirical values [2.5] for the parameters in the positron profile
are

o = 4.0 ug cm” keV™, m =2 and n = 1.6. Figure 2.5 shows the implantation profile
for positrons in crystalline silicon. By varying the positron beam energy, it is
possible to vary the implantation depth of the positrons before annihilation. Hence,

it is possible to analyse the defect structure of the sample as a function of depth.

The mean, E, and median, z,,,, penetration depths are given by:

z=7 YO 2.7

and;

JIn2 (2.8)

For crystalline silicon: zs = 0.228 pm, zio = 0.692 pm, zis = 1.325 pm and

Z =2.099 um, as illustrated in Figure 2.5.
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Figure 2.5  Implantation profile for positrons in crystalline silicon calculated for

incident positron energies of 5 keV, 10 keV, 15 keV and 20 keV

according to equation (2.5).

At a positron beam energy corresponding to the mid-point between the film and the
interface the median implantation depth is equal to the film thickness, d. Hence, it
is possible to determine the mass density of the sample by measuring the thickness
of the film from an independent technique; e.g. using a profilometer. From

equations (2.6) and (2.8) it follows that the mass density of the film is given by:

av/In2 Er 2.9)

P AT+ m)

Mahan et al. [2.6] have measured the bulk density of amorphous silicon and found
that py = 2.270 g cm™, which is slightly lower than that of crystalline silicon [2.7].
Thus, by comparing the density of the a-Si:H sample to py, one can obtain

information on the void fraction in the sample.
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2.3.3 BEHAVIOUR OF POSITRONS IN SOLIDS

FREE AND TRAPPED POSITRONS

Both free and trapped positrons contribute to the Doppler-broadening of the 511
keV-peak in different ways. A free positron can annihilate with both core and
conduction electrons, whereas a trapped positron in a vacancy has a relatively
small overlap with core electrons. Therefore a trapped positron has a larger
probability to annihilate with conduction electrons, which have energies lower than
that of core electrons. This results in a reduction of the Doppler-broadening.
Therefore the component of the 511 keV-peak that is due to free positron

annihilation is wider than that of the trapped positron.

THE POSITRONIUM

A thermal positron can bind to an electron to form a metastable hydrogen-like
bound state, called the positronium (Ps). It is assumed that the Ps can only be
formed in voids [2.8], since it has not been detected in dense semiconductors. The
predominant mode of decay and lifetime of the Ps ground state depend on its spin.
The singlet state, 'Sy, occurs when the spin is zero, called the para-positronium (p-
Ps). The p-Ps, with vacuum lifetime of 125 ps, decays predominantly via a two-
photon process. The triplet state, 3S,, occurs when the spin is one, called the ortho-
positronium (o-Ps). The o-Ps, with vacuum lifetime of 142 ns, decays
predominantly via a three-photon process. Thus the photons emitted during
annihilation can have any energy between 0 and 511 keV. The ratio of p-Ps to o-Ps

formed, p-Ps: 0-Ps = 1:3.
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2.3.4 EXPERIMENTAL SET-UP

The positron annihilation experiments were performed using the continuous slow
positron beam at the University of Cape Town in Cape Town, South Africa [2.9].
Positrons are created by p*-decay of an encapsulated **Na-source, with half-life

t, = 2.6 a, moderated through a 1 um-thick tungsten mesh, by the reaction:

ZNa 282 3 2Ne + B* + v (2.10)

The moderated positrons are preaccelerated to an energy of 250 eV in a vacuum
beam line, with a base pressure of 2 x 10° Pa, and guided by an axial magnetic
field. The positrons are subsequently accelerated to an energy between 0 and 16.3
keV towards the sample, which is secured to the sample holder by silver paste. A
type K thermocouple is used to measure the temperature at the sample surface. Six
measurement runs were performed at all energies with a total collection time of
300 seconds for each run. After annihilation occurs one of the y-rays is detected by
a liquid nitrogen cooled high-resolution Germanium detector. The measured curve

is that of the Doppler-broadening of the 511 keV-peak.

2.4 RAMAN SCATTERING

2.4.1 INTRODUCTION

Raman scattering is the technique most frequently used to study the structural
order of a-Si:H, because it is extremely sensitive to minute changes in the short-
range order and its non-destructive nature. In particular, Raman scattering can be
used to detect any crystalline phases in a-Si:H and to calculate the crystalline

fraction in microcrystalline material (c-Si:H).
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2.4.2 THEORY

The Raman effect arises when a beam of intense monochromatic radiation passes
through a sample that contains molecules that undergo a change in molecular
polarizability as they vibrate [2.10]. In the first-order Raman scattering process, a
photon with frequency ®, is scattered inelastically by the sample, with the creation
or the annihilation of a phonon with frequency w. Stokes scattering occurs through
the creation of a phonon; and after the scattering the photon has frequency w, — ®.
On the other hand, anti-Stokes scattering occurs through the annihilation of a

phonon; and after the scattering the photon has frequency o, + .

The Stokes first-order scattering intensity, I(®), for amorphous materials is given
by [2.11]:

nBE((o)-i-l)
= Q.11

I(0) = C(m)g(m)[

where; C(w) is the coupling parameter which represent the polarizability of the
phonon modes;
g() is the phonon density of states; and

nge(®) is the Bose-Einstein thermal factor.

The Bose-Einstein thermal factor is given by:

1
Mo (0) = G oo K T) -1 (212)

where kg is Boltzmann’s constant and T the sample temperature.

In ¢-Si, conservation of crystal momentum requires that k = 0. This results in a
sharp, narrow peak at ~ 520 cm™ in the Raman spectrum [2.12]. The absence of
this peak verifies that there is no crystallinity present in the film. In a-Si the

network disorder relaxes the k-selection rules and a broad transverse-optical (TO)
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band centred at ~ 480 cm™ becomes visible, which reflects the degree of disorder
in the amorphous network and can be related to the average bond-angle variation

[4.13].
2.4.3 EXPERIMENTAL SET-UP

The Raman scattering measurements were performed on samples deposited on
Corning 7059 substrates in backscattering geometry (Debye Institute, Utrecht
University) [2.14 — 2.15]. The measurements were performed using the 514.5 nm
line of a Spectra Physics Ar'-ion laser. Various optical lenses were used to focus
the beam onto the sample. A Spex triple-grating monochromator was used to
disperse the scattered light onto a liquid-nitrogen cooled EG&G CCD detector.
The frequency shifts were calibrated using Rubidium emission lines. The phonon

spectrum was measured in the region 0 — 1000 cm™.

2.5 OPTICAL MEASUREMENTS

The optical properties of the a-Si:H samples were determined from transmission
and reflection measurements in the energy range from 1.2 — 2.4 eV, with an energy
resolution of 3 meV (Debye Institute, Utrecht University). The thickness of the
film is determined by an iterative procedure, thereby calculating the complex
refractive index, n =n+ ik, as a function of energy. The computer code OPTICS
[2.16] was used to extract the values for the thickness and refractive index. The
refractive index at zero energy n, is determined by extrapolating 1/[n*(E)-1] versus
E’ to E = 0. The absorption coefficient o(E) is calculated from the imaginary part

of the refractive index k(E) by:

4nk(E)
A

o(E) = (2.13)

where A is the wavelength of the incident radiation.
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The optical band gap E, can be calculated from the real part of the refractive index

n(E) and the absorption coefficient by the following equation:
[(E)n(E)E] ¥ =B,[E-E,] (2.14)

The parameters p and q describe the density of states (DOS) distribution of the
band edges. If the DOS distribution is taken to be parabolic in both the valence and
conduction bands, i.e. for p = q = %, then equation (2.14) describes the Tauc plot

12 versus E

[2.17]). The Tauc band gap is determined by extrapolating [o(E)n(E)E]
to o(E) = 0; for a(E) > 10° cm™'. If the DOS distribution is taken to be linear, i.e.
for p = q = 1, then equation (2.14) describes the Cubic (or Bezemer) plot [2.18].
The resulting Cubic band gap is again determined by extrapolating [oc(E)n(E)E]” 3
versus E to o(E) = 0; for a(E) = 10> cm™ . The Cubic gap is 0.1 — 0.2 eV lower that
the Tauc gap and is linear over a larger energy range than the Tauc plot. In this

thesis, as in most literature, we will use the Tauc-convention.

2.6 FOURIER TRANSFORM INFRARED
SPECTROSCOPY

Fourier transform infrared (FTIR) spectroscopy is the most commonly used
technique for the determination of the hydrogen concentration and the silicon-
hydrogen bonding configuration in a-Si:H, because it is non-destructive and easy
to perform. The measurement consists of measuring a transmission spectrum, T(®),
of the film on a c-Si substrate in the energy range 400 — 4000 cm™', with an energy
resolution of 4 cm™. A background spectrum of the c-Si substrate was collected in

order to eliminate the absorption in the c-Si substrate.
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The relation between the transmission spectrum and the absorption coefficient

o) is given by:

oy = - 2T

where d is the thickness of the a-Si:H layer.

(2.15)

To eliminate the effects of incoherent and coherent multiple reflections in the films

we used the methods proposed by Brodsky et al. [2.19] and Langford ef al. [2.20,

2.22], respectively. Three different vibrational modes can be distinguished for a-

Si:H. They are the Si—H, (for x =1, 2, 3) rocking mode centred at 630 cm’', the

bending mode around 800 — 900 cm™' and the stretching mode around 2000 — 2130

cm™. The generally accepted assignments of the Si-H, vibrational modes to

absorption bands are summarised in Table 2.1 [2.21].

Table 2.1 The generally accepted assignments of the Si—H, vibrational modes

to absorption bands [2.21].

Ene1:§y Bonding. Vibrational

(em™) Configuration Mode
630 =Si—H, (=Si=H,), for n>1, -Si=H; Rocking
845 (=Si=H3), for n>2 Bending
880 =Si=H, Bending
890 (=Si=H,), for n>2 Bending
2000 =Si—H (isolated) Stretching

2070 - 2100 =Si—H (on voids), (=Si=H,), for n>1 Stretching

2130 -Si=H; Stretching
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The integrated absorption I, of each mode o is given by:
I, = jmdm (2.16)
- 0‘)0

The concentration of bonded hydrogen Cy is proportional to [, via:

C,=A1, (2.17)
where A, is the proportionality constant which depends on the oscillator strength
of the Si-H bonds. The constant A has been determined empirically with
independent techniques, such as elastic recoil detection (ERD) and nuclear reaction
analysis (NRA) [2.22 - 2.25]. From FTIR spectroscopy it is also possible to obtain
information on the microstructure in a-Si:H. The 2000 ¢cm™ mode is caused by
=Si-H bonds, while the 2070 — 2100 cm™ mode is caused by hydrogen bonded in
various forms of microstructure; i.e. =Si=H; units, (=Si=H,), polyhydrides for n>2
and =Si-H on void surfaces. Therefore, the microstructure parameter R” is a

measure of the structural quality of a-Si:H, and is given by:

R’ _lom (2.18)

I2000 + I2070

Device quality a-Si:H films have R*-values that are typically not larger than 0.1.
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2.7 ELASTIC RECOIL DETECTION

2.7.1 INTRODUCTION

Elastic Recoil Detection (ERD) or Forward Recoil Spectrometry (FRES), which
was first introduced by L’Ecuyer et al. [2.26], is one of the most useful non-
destructive ion-beam analysis techniques for easy depth profiling of light elements.
ERD can be used to determine hydrogen and deuterium concentration depth
profiles in solids to depths of a few microns by using *He" ions at energies of a few

MeV.
2.7.2 THEORY

ERD, like Rutherford Backscattering Spectrometry (RBS) [2.27 — 2.28], is based
on the elastic collision between high-energy ions and the atoms in the sample. The
particles that are detected and analysed are the recoils, which are scattered in a
forward direction; i.e. particles that are lighter than the incident projectile. The
kinematics of the experiment in the laboratory reference frame is shown in Figure

2.6 [2.27].

Ml, EO

My, E>

Figure 2.6  Schematic representation of the elastic collision between a projectile
of mass M, at an energy E,, and the target mass M, which is

initially at rest. After the collision the target mass is scattered with

an energy E, at a scattering angle ¢
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Consider the following situation: a beam of projectiles of mass M,, atomic number
Z,, at an energy E, is incident upon a sample. The recoiled atom of mass Ma,
atomic number Z,, is scattered with an energy E; at an angle ¢. The energy of the
recoiled atom can be related to the projectile energy by the kinematic factor [2.27 —

2.28], K, such that:

E, =KE, (2.19)
where;
K= M—Z—COSZ o (2.20)
M, +M,)

From equation (2.20) it is clear that the kinematic factor K depends on the
scattering angle ¢, the projectile mass M; and recoiled mass M. If the ratio Ey/E,,
the projectile mass and the scattering angle are known, the recoiled mass can be
determined. Thus from the kinematic factor it is possible to identify which atoms

are present in the sample.

Another important characteristic for the elastic collision is the probability with
which it takes place. The chance that one particle from the projectile beam ejects a
recoil atom in such a way that it is recoiled in the direction of the detector is
described by the Rutherford differential cross section, which is governed by

coulombic scattering. The differential cross section is given by [2.27 — 2.28):

dQ 2E

o

do _ 72,2, (1+M,/M,)
cos’ ¢

] ! 2.21)

where Q is the finite solid angle spanned by the detector, and e is the electron

charge.
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For a constant concentration of target atoms, the yield or the number of detected
particles is related to the number of target atoms/cm” by the following equation

[2.27 - 2.28]:

E, -1
do dE
Y =QQN, d_Q(E’d))(a) dE (2.22)

0

2.7.3 EXPERIMENTAL SET-UP

ERD measurements were performed on samples deposited on c-Si substrates at the
Materials Research Group of iThemba Labs at Faure, South Africa [2.2]. A
schematic representation of the experimental set-up for ERD measurements is

shown in Figure 2.7.

..a-Si:H film on ¢-Si

3.0 MeV *He" ions

Detector

Figure 2.7  Schematic representation of the ERD experimental set-up.

The samples were analysed using a 3.0 MeV mono-energetic and collimated beam
of *He" ions, which were accelerated by a van de Graaff accelerator. A vacuum of
approximately 10 Pa was achieved and maintained in the ERD chamber by using
a fore pump and a turbo molecular pump. The sample holder was rotated at an
angle of 15° with respect to the direction of the incident projectile beam. The
recoiled atoms were detected at an angle of 30° with respect to the direction of the

incident projectile beam. An aluminium foil of thickness 12.5 um was used to
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prevent the scattered primary *He" ions from reaching the solid state detector,
which is mounted in the plane of the beam. The solid state detector generates an
electronic signal which was amplified and processed using analogue and digital
electronics. They are sorted according to pulse height (energy) and stored in a
multi-channel analyser. Before each measuring session a reference spectrum of a
mylar (C,oHgO4) foil was collected which was then used for the energy and

geometry calibration.
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CHAPTER 3

Hydrogen Bonding

and Migration

3.1 INTRODUCTION

Hydrogenated amorphous silicon (a-Si:H) has proven to be of technological
importance and is successfully used in several large-area thin film applications like
solar cells and thin film transistors. However one major drawback of a-Si:H, and
subsequently devices made from this material, is that the electrical properties
degrade under prolonged illumination [3.1]. This effect, known as the Staebler-
Wronski effect (SWE), manifests itself in the increase of the mid gap defect
density upon illumination, as shown by Hirabayashi et al. [3.2] and Dersch et al.
[3.3]. These defects are metastable and can be reversed by annealing the material

at temperatures above 150 °C [3.1].

An impressive amount of work has been done to provide a mechanism of this
light-induced defect creation effect and various models have been proposed [3.4 —
3.11, 3.19 — 3.26]. Mahan et al. [3.12] reported that HW-deposited a-Si:H with low
H-concentrations shows a reduction in the SWE. The microscopic origin of the
SWE is still poorly understood, but it has been established that hydrogen plays an

active role in the defect creation. However, the role that hydrogen plays and how it
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is played is controversial and therefore it is of importance to characterise this

hydrogen induced effects in order to enhance the stability of future devices.

In this chapter we report on the effects of isochronal annealing at temperatures
ranging from 150 — 450 °C on the infrared (IR) absorption spectra of HW-
deposited a-Si:H samples with different H-concentrations and bonding
configurations. In particular, we will focus on the influence of the initial H-

concentration on the hydrogen bonding and migration.

This chapter is organised as follows. In the next section the experimental details of
the sample preparation, heat treatments and characterisation techniques are
described. In section 3.3 the difference between isolated and clustered hydrogen is
discussed and, in particular, the quantitative data analysis of the IR absorption
spectra. The results of hydrogen bonding and migration are discussed in Section

3.4, followed by concluding remarks drawn in Section 3.5.

3.2 EXPERIMENTAL DETAILS

3.2.1 SAMPLE PREPARATION

Two a-Si:H samples, with different H-concentrations, were deposited by hot-wire
chemical vapour deposition in the MVSYSTEMS deposition chamber [3.13], where
SiH4-gas is decomposed by the catalytic action of seven parallel Ta-wires at a
temperature of 1600 + 50 °C. The samples were deposited simultaneously on
Corning 7059 and <100> c-Si substrates to meet the requirements for the different

characterisation techniques.

Sample A, with Cy ~ 7 at.%, was deposited at a growth temperature of 330 °C,
using 60 sccm SiH4-gas under a pressure of 2 Pa. Sample B, with Cy ~ 11 at.%,
was deposited at a growth temperature of 180 °C, using 60 sccm SiHy4-gas under a

pressure of 8 Pa.
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3.2.2 HEAT TREATMENTS

Isochronal thermal treatments were performed under high-purity, flowing argon
gas in a tube furnace. The samples were annealed subsequently at annealing
temperatures ranging from 150 — 450 °C in 50 °C increments. The total annealing

time was 30 minutes for all temperatures.

3.2.3 CHARACTERISATION

FTIR measurements were performed in transmission geometry on films deposited
on c-Si substrates. The IR absorption spectra were collected in the energy range
400 ~ 4000 cm™ with an energy resolution of 4 cm™, using a DIGILAB FTS-40
Fourier-transform infrared spectrometer with a liquid-nitrogen-cooled HgCdTe
detector (Debye Institute, Utrecht University). The ambient temperature in the

FTIR set-up amounted to 21 °C.

ERD measurements were used to verify the initial H-concentration of the samples,
as calculated from IR absorption spectra, and were found to be within 10 %.
Therefore, in the as-deposited state no H, is present in both samples. Refer to
Section 2.7 for the experimental set-up of the ERD measurements (Materials

Research Group, iThemba Labs).

Scanning electron microscope images were obtained using a HITACHI X650
scanning electron microscope, equipped with analySIS® imaging software, and
capable of operating at a maximum accelerating voltage of 40 kV (Electron

Microscope Unit, University of the Western Cape).
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3.3 ISOLATED AND CLUSTERED
HYDROGEN: DATA ANALYSIS

The most direct characterisation technique used to study the behaviour of hydrogen
in a-Si:H is the detection of the changes in the IR absorption spectra caused by
annealing effects. The change in the intensity of an absorption peak is associated
with a change in the concentration of hydrogen bonded in a particular bonding
configuration. Therefore FTIR spectroscopy is the most common used technique to
study hydrogen migration and diffusion in a-Si:H and other related materials such
as hydrogenated amorphous silicon nitride (a-SiNyx:H) and hydrogenated

amorphous silicon carbide (a-Si:H:C).

The generally accepted assignments of hydrogen bonding configurations to
absorption energies for a-Si:H have been established over the last few decades and
are summarised by Lucovsky [3.14] (see Table 2.1). The rocking vibration centred
at ~ 640 cm™ is associated with all bonding configurations of hydrogen, whereas
the bending vibration in the range 800 — 900 em’' is associated with (=Si=H),
dihydride and polyhydride groups. The 2000 cm’' absorption peak, referred to as
the isolated phase, originates from the stretching vibrations of isolated =Si—-H
monohydrides. The stretching mode centred at ~ 2100 cm’, referred to as the
clustered phase, is caused by hydrogen bonded in various forms of microstructure;
i.e. (=Si=H,), dihydride and polyhydride groups and =Si—H monohydrides on void

surfaces.
The concentration of bonded hydrogen, Cyn, was calculated from the integrated
absorption coefficient of the rocking mode at 640 cm'l, Ies0, using the

proportionality constant proposed by Shanks et al. [3.15], by:

CH :A6401640 (3.1)

where Ago= 1.6 x 10" em™.
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The error in the results is estimated to be within 15 %. We assume that Aggg is
independent of the deposition conditions and/or annealing history. Due to the
overlapping of the IR stretching modes, the spectra are deconvoluted assuming a
Gaussian shape for all absorption modes. Figure 3.1 shows an example of the IR
absorption stretching modes of sample B in the as-deposited state and after

annealing at 150 °C.
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Figure 3.1  Example of the IR absorption stretching modes of sample B in the
as-deposited state (solid line) and after annealing at 150 °C (dotted

line).

The corresponding deconvolution of the 2000 and 2100 cm™ stretching modes are
shown in Figure 3.2. We observe a change in the integrated absorption coefficients
of the 2000 and 2100 cm™'-peaks, indicating that hydrogen is transferred from the
clustered phase to the isolated phase. This transfer of hydrogen is referred to as

hydrogen migration.
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Figure 3.2  Deconvolution of the 2000 and 2100 cm™" stretching modes of
sample B (in Figure 3.1) in the as-deposited state (solid line) and
after annealing at 150 °C (dotted line).

The concentration of hydrogen bonded in the isolated phase, Cy;, is given by:

CHi = A 0001 2000 (3.2)

where Ay = (8.1 + 0.9) x 10" cm? [3.16]. Ao was calculated from IR
absorption spectra for device-quality samples with negligible hydrogen bonded in

the clustered phase; i.e. for samples where Cy = Cy;.

The concentration of hydrogen bonded in the clustered phase, Cy,, is given by:

CH =A210012100 (3.3)

¢

Van den Boogaard [3.16] calculated A, g9 from the difference between Cy and Cy;;
1.e. Az]oo = (CH - CHi)/I2100; and found that A2100 = Azooo.
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It 1s possible to observe the migration of hydrogen to and from void surfaces, since
the bending modes are due only to hydrogen bonded in polyhydride
configurations. Thus we can estimate the concentration of hydrogen bonded on
void surfaces from the integrated absorption coefficients of the bending modes and

the stretching mode at 2100 cm .

3.4 RESULTS AND DISCUSSION

3.4.1 LOW H-CONCENTRATION: Cy~7 at.%

Figure 3.3 shows the temperature evolution of the IR stretching bands for sample
A. After annealing the sample at 450 °C the error in the intensity of the stretching
band is relatively high, rendering any further calculations pointless. In the as-
deposited state the stretching band is symmetrical around ~ 2000 cm’, indicating

that H is bonded predominantly as =Si—H monohydrides.
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Figure 3.3  Temperature evolution of the IR stretching bands for sample A.
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No H mugration is observed as annealing progresses, as seen from the continuous
symmetrical shape of the stretching band. Figure 3.4 shows the plot of the bonded
hydrogen concentration, Cy, and the displacement of the 2000 cm™'-peak position,
P200, as a function of annealing temperature. For T4 < 200 °C no considerable

change in IR absorption spectra, and hence in Cy and P50, is observed.
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Figure 3.4  Hydrogen concentration (solid circles) and displacement of the
2000 cm™-peak position (open circles) as a function of annealing

temperature for sample A. The line is drawn to guide the eye.

After annealing the sample at T4 > 250 °C a narrowing and a shift of the 2000
cm'-peak is observed, suggesting a reduction in the energy distribution of the
=Si~H bonds. This could arise from H atoms being released from less stable
configurations (shallow trapping states), as seen from the reduction in Cy, and
consequently leading to H-diffusion [3.17]. In this temperature range a 17 cm™'-
decrease in Pygqo is observed, indicating a reduction in the =Si—H bond strength.
We attribute the reduction in Cy and Pyggo primarily to an increase in the network
disorder, resulting in H being released from disorder-induced monohydride
configurations and thereby reducing the energy cost of breaking the =Si—H bond.

This is in agreement with the models of Biswas et al. [3.22] and Branz [3.5], who
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identified the =Si-H bond as the original site of hydrogen emission under
illumination, resulting in the formation of Si dangling bonds and mobile H and

thereby reducing the =Si—H bond strength.

3.4.2 HIGH H-CONCENTRATION: Cy ~ 11 at.%

Figure 3.5 shows the temperature evolution of the IR stretching bands for sample
B. It is evident from this figure that the annealing behaviour of this sample is more
complex than that of sample A. The asymmetrical shape of the stretching bands
illustrates the relatively large fraction of H bonded in the clustered phase. The IR
absorption spectra also show weak bending vibration peaks centred at 845 and 880
cm’ in Figure 3.6, which is typical for HW-deposited a-Si:H with Cy ~ 11 at.%
[3.18]. As the annealing temperature increases the integrated absorption coefficient
of the bending vibration peaks approaches zero at 350 °C. The plots of Ixgg0, L2100
and Ig4s + Iggo as a function of annealing temperature for sample B are given in
Figure 3.7. After annealing the sample at 500 °C the error in the intensity of the

stretching bands is relatively high, rendering any further calculations pointless.
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Figure 3.5  Temperature evolution of the IR stretching bands for sample B.
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Figure 3.6  Temperature evolution of the IR bending bands for sample B.
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Figure 3.7  Integrated absorption coefficients, Iyo50 (solid circles), Ij00 (open

circles) and Ig4s + Iggg (solid triangles), as a function of annealing

temperature for sample B.
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During annealing at T, < 200 °C an exchange in Ipp0 and Irjpo is observed,
accompanied by a decrease in Ig4s + Iggo at 200 °C. In this temperature range no
change in Cy is observed, as shown in Figure 3.8. This is indicative of H migrating
preferentially from (=Si=H,), polyhydrides to =Si~H monohydrides. Hydrogen
bonded in the clustered phase is situated in shallower traps than H bonded in the
isolated phase [3.19] and therefore, in this temperature range, H is more readily

removed from the clustered phase and settles into a more stable monohydride

configuration.
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Figure 3.8  Hydrogen concentration as a function of annealing temperature for

sample B. The line is drawn to guide the eye.

After the 250 °C anneal an increase in I is observed, accompanied by a decrease
in Ixooo. No change in Igy4s + Iggg and Cy is observed at this temperature outside of
the experimental uncertainty, indicating that H is migrating from isolated =Si-H
bonds and is likely to be incorporated on the internal surfaces of voids. This
implies the following: (a) more bonds on the internal surfaces of the voids are
progressively being occupied by hydrogen; and/or (b) there is an increase in the

void surface area; and/or (c) there is an increase in the number of voids.
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Since no bending vibrations are detected for T, > 350 °C, we conclude that the H
bonded in the clustered phase is incorporated as =Si—-H bonds on void surfaces.
After annealing the sample at 350 °C H-diffusion, preferentially from the clustered
phase, is observed and continues until the initial Cy is reduced by 90 % to 1.22
at.% at 450 °C. We attribute this to an increase in the network disorder, thereby

resulting in the preferential removal of H from disorder-induced shallow states; i.e.

H bonded on the internal void surfaces.

Figure 3.9 shows the displacement of the 2000 and 2100 cm™ peak positions, P20
and P390, as a function of annealing temperature. For Ta < 250 °C no significant
changes in the peak positions are observed. In the temperature range 300 — 450 °C,

P2000 and P20 decrease by ~ 20 cm™ and 13 em’™, respectively.
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Figure 3.9  Displacement of the 2000 cm™ (solid circles) and 2100 cm™ (open
circles) peak positions as a function of annealing temperature for

sample B. The lines are drawn to guide the eye.
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The reduction in Paggo and Pyjg is indicative of a reduction in the strength of
isolated =Si-H bonds and =Si—-H bonds on void surfaces, respectively, and is
primarily due to an increased network disorder, as in the case for sample A. This
illustrates that the original site of H emission for sample B is a combination of
isolated =Si—H bonds and =Si~H bonds on void surfaces, resulting in the creation

of Si dangling bonds and mobile H.

It has been shown that for T4 > 300 °C two mobile H atoms recombine and
eventually result in H, formation [3.20]. Furthermore, these H; molecules become
trapped in H-rich clusters or voids and are thought to remain stable up to relatively
high temperatures [3.21]. It is generally accepted that H out-diffusion occurs via an
accumulation of H, molecules in high-pressure bubbles, which eventually opens by
explosion and consequently results in the blistering of the sample surface [3.21].
Figures 3.10 (a) and (b) show scanning electron micrographs of sample B annealed
at 450 °C at a magnification of x 0.8 k and 1.3 k, respectively. Holes with
diameters of ~ 1.5 um are visible, demonstrating the blistering of the sample

surface. Similar observation were observed for H,'-implanted a-Si [3.21] and

plasma-deposited a-Si:H [3.27].

Figure 3.10  Scanning electron micrograph of sample B annealed at 450 °C with

magnifications of (a) x 0.8 k and (b) x 1.3 k.
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3.5 CONCLUSION

In this chapter we have examined the effects of isochronal annealing on H bonding
and migration in HW-deposited a-Si:H samples with different H-concentrations
and bonding configurations, using IR absorption spectra. The study clearly shows
that the annealing behaviour is in fact determined by the as-deposited H
concentration and bonding configuration, which eventually determines the stability

of the material. This observation is consistent with similar studies performed on

plasma-deposited a-Si:H and H,"-implanted a-Si.

Sample A, with low H-concentration and superior microstructure (R* << 0.1),
remains homogeneous at relatively high temperatures up to 400 °C. However, H-
diffusion occurs at temperatures below the growth temperature, due to an increase
in the network disorder (to be discussed in the next chapter). The site of H
emission under thermal annealing has been identified as the isolated =Si—~H bond,

resulting in a reduction in the =Si—H bond strength.

Sample B, with high H-concentration and inferior microstructure (R* > 0.5), proves
to be unstable at relatively low temperatures. The IR absorption spectra show that
changes in the microstructure occur at temperatures below 200 °C. H-diffusion
occurs and temperatures > 300 °C, where H is removed preferentially from =Si—-H
bonds on void surfaces. Therefore, the site of H emission under thermal annealing
for sample B has been identified as the =Si—H bond in both the isolated and
clustered (on void surfaces) phases, thereby reducing the strength of both bonding
configurations. Furthermore, H out-diffusion occurs via an accumulation of Hj
molecules in high-pressure bubbles, which eventually opens by explosion and

consequently results in the blistering of the sample surface.

In summary, the metastable defect site under thermal annealing in HW-deposited
a-Si:H has been identified as the =Si—H bond (isolated and on void surfaces),

resulting in H-diffusion and subsequently in the formation of Si dangling bonds
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and weak =Si—H bonds. This mechanism is in agreement with that of Biswas ez al.

[3.22] and Branz [3.5].
Future experiments to study the mechanism of H-diffusion should include thermal

desorption spectroscopy (TDS), secondary ion mass spectroscopy (SIMS) and

high-resolution transmission electron microscopy (HR-TEM).
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CHAPTER 4

Structural Order and

Optical Band Gap

4.1 INTRODUCTION

It is generally accepted that hydrogen incorporation in amorphous silicon not only
reduces the density of mid gap states, but also provides more structural flexibility
to the amorphous network [4.1], which is evident by the narrowing of the valence
and conduction band tail states upon hydrogenation [4.2]. Furthermore, it has been
shown that both the hydrogen concentration and the structural order in a-Si:H are
both critical factors which eventually determines the stability of the material under

light illumination [4.3].

Raman scattering has been employed to provide information on the structural
changes in the amorphous network, of which the average bond-angle variation is
the key parameter, mainly because of its extreme sensitivity to changes in the small
range order. In this chapter we report on the effect of isochronal annealing on the
structural order and optical band gap of HW-deposited a-Si:H with different H-

concentrations.
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Our attention will be specifically focussed on the relation between H-diffusion and
changes in the structural disorder, as discussed in the previous chapter. In addition
to this we will investigate the influence of the average bond-angle variation and the
H-concentration on the optical band gap and possibly provide a correlation

between these properties.

This chapter is divided primarily into two main sections; i.e. the effect of
isochronal annealing on the structural order (section 4.3) and optical band gap
(section 4.4). In each section the quantitative data analysis procedures of the
characterisation techniques are discussed, followed by the results and discussion.
Firstly, in the next section, the experimental details of the sample preparation, heat
treatments and characterisation techniques are described. Finally, in section 4.5

concluding remarks are drawn.

4.2 EXPERIMENTAL DETAILS

The samples under investigation in this chapter; i.e. samples A and B, is the same
samples discussed in section 3.2.1 and the heat treatment procedures are identical

to that discussed in section 3.2.2.

Raman scattering spectra were collected in the region 0 — 1000 em’! in
backscattering geometry, using the 514.5 nm line of a Spectra Physics Ar'-ion
laser detector (Debye Institute, Utrecht University). A Spex triple-grating
monochromator was used to disperse the scattered light onto a liquid-nitrogen
cooled EG&G CCD detector. The frequency shifts were calibrated using Rubidium
emission lines. A detailed description of the Raman scattering set-up is described
elsewhere [4.4]. Raman measurements were performed on samples deposited on
Corning 7059 substrates to allow for the detection of the 520 cm’’ crystalline peak
of the a-Si:H sample without any crystalline contributions from the substrate. The

ambient temperature in the Raman set-up amounted to 21 °C.
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Optical reflection and transmission measurements were performed on samples
deposited on Corning 7059 substrates in the energy range 1.2 — 2.4 €V, with an
energy resolution of 3 meV (Debye Institute, Utrecht University). These
measurements were used to calculate the film thickness, refractive index and
absorption coefficient. The optical band gap was calculated using the Tauc-

convention, assuming parabolic band tails [4.5].

4.3 STRUCTURAL ORDER

4.3.1 DATA ANALYSIS: RAMAN SCATTERING

For quantitative analysis, the Raman scattering spectra were deconvoluted into
either four or five Gaussians. They are the a-Si transverse-optic (TO) mode centred
at 480 cm’', the longitudinal-optic (LO) mode centred at ~ 445 cm’, the
longitudinal-acoustic (LA) mode centred at ~ 330 cm™, a hydrogen-related mode at
620 cm’' and, depending on the presence of the crystallinity, the c-Si TO mode
centred at ~ 520 cm™'. Figure 4.1 shows an example of a Raman spectrum of an a-
Si:H sample with no detectable crystalline phase. There exists a linear relation
between the half-width-half-maximum (HWHM) of the a-Si TO-peak, I'/2, and the

average bond-angle variation [4.6], ASy, i.e.:

[/2=7.4+3.2A9, (4.1)

where [ and A9y, are measured in cm™ and degrees, respectively. I' is determined

at the high energy side of the TO-peak.

For a-Si:H, maximally ordered and maximally disordered networks have values of

7.0° - 8.2°and 11.0° — 14.1° for A9, , respectively [4.7].

56



Chapter 4

The crystalline fraction, c, is defined as [4.8]:

c, = L 4.2)
T I +0.1exp(—=x/250)1 4,

where ls30 and Isyo are the deconvoluted intensity of the a-Si and c-Si TO-peaks,

respectively.
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Figure 4.1  Example of a deconvoluted Raman spectrum of an a-Si:H sample

with no detectable crystalline contribution.

4.3.2 THERMALLY INDUCED PHASE TRANSITIONS

The Raman spectra of samples A and B in the as-deposited and final annealing
states are shown in Figures 4.2 and 4.3, respectively. The spectra were normalized
to the height of the a-Si TO-peak. No emerging c-Si TO-peaks are observed at ~
520 cm™' before and after annealing, illustrating that no amorphous-to-crystalline
phase transitions occur in both samples as annealing progresses. Further annealing
of both samples up to 550 °C induces no detectable phase transitions (not shown).
This is consistent with the observations of Spinella et al. [4.9] who have shown

that crystal grain nucleation in a-Si occurs at temperatures above 560 °C.
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Figure 4.2  Stacked Raman spectra of sample A in the as-deposited state (solid

circles) and after annealing at 400 °C (open circles).
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Normalized Raman intensity (arb. units)
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Figure 4.3  Stacked Raman spectra of sample B in the as-deposited state (solid

circles) and after annealing at 450 °C (open circles).
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4.3.3 EFFECTS OF ANNEALING

In the as-deposited state the I'/2-value for sample A amounts to 30.69 cm’',
corresponding to a A8y-value of 7.28°. For sample B the I'/2-value in the as-
deposited state amounts to 33.12 cm™, corresponding to a ASy-value of 8.03°. The
['/2-value of sample A is among the lowest determined for device-quality HW a-

Si:H [4.7, 4.10], illustrating the superior structural quality of this sample.
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Figure 44  I7/2 as a function of annealing temperature for sample A (solid
circles) and sample B (open circles). The lines are drawn to guide

the eye.

The plot of I'/2 as a function of annealing temperature for samples A and B is
shown in Figure 4.4. Annealing sample A at temperatures up to 300 °C induces no
considerable change in I'/2. For T4 > 350 °C a slight increase, of ~ 1 em™, inT/2 s
observed. A significant linear increase in ['/2 is observed for sample B at T > 300
°C. These observations are consistent with studies performed on maximally
ordered plasma-deposited a-Si:H with H-concentrations in excess of 10 at.%

[4.11], indicating that our samples are maximally ordered. Similar studies
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performed on irradiated a-Si and more disordered a-Si:H show a distinct decrease
in ['/2 with increasing annealing temperature, which is attributed to structural

relaxation [4.7,4.12 — 4.14].

The increase in I'/2 is associated with an increase in the network disorder, which is
the cause of hydrogen being incorporated into disorder-induced shallow states,
which consequently results in H-diffusion. Figure 4.5 shows the plot of the
concentration of bonded hydrogen, determined from IR absorption spectra, as a
function of ['/2. Figure 4.6 shows the plot of the displacement of the 2000 cm’'-
peak position as a function of I'/2. An inverse linear relationship between Cy and
/2 is evident, which supports and proves our earlier speculation that H-diffusion

is caused primarily by an increase in the network disorder.
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Figure 4.5  Hydrogen concentration as a function of ['/2 for sample A (solid

circles) and sample B (open circles). The lines are linear fits through

the data.
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Figure 4.6  Displacement of the 2000 cm’'-peak position as a function of T'/2
for sample A (solid circles) and sample B (open circles). The lines

are linear fits through the data.
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Figure 4.7  I'/2 as a function of the peak position of the a-Si TO-peak for
sample A (solid circles) and sample B (open circles). The line is a

linear fit through the data.
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Previous research has shown that the position of the a-Si TO-peak, wro, can be
related to structural changes in the amorphous network [4.14]. In Figure 4.7 we
plot I'/2 as a function of wro, which shows an inverse linear dependence. Thus a
shift of wro to higher wave numbers is characteristic of structural relaxation of the

amorphous network.

4.4 OPTICAL BAND GAP

4.4.1 DATA ANALYSIS

The data analysis of the optical reflection and transmission measurements was
discussed in section 2.4 and is described in detail elsewhere [4.15]. The optical
band gap was calculated from the absorption coefficient and the refractive index,
using the Tauc-convention [4.5]. In Figure 4.8 we show the plots of [oc(E)n(E)E]”2
versus E in the as-deposited state for samples A and B. The optical band gap, Erauc,

was determined by extrapolating [o((E)n(E)E]"? to a(E) = 0, for o(E) > 10° cm™.
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Figure 4.8  Plots of [a(E)n(E)E]'” versus E in the as-deposited state for sample

A (solid circles) and sample B (open circles).
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The optical band gap of sample A amounts to 1.758 + 0.004 eV, characteristic of
device-quality HW-deposited a-Si:H with Cy ~ 8 at.%. The optical band gap for
sample B amounts to 1.817 + 0.005 eV, which is typical of poor-quality HW-

deposited a-Si:H with H-concentrations in excess of 10 at.% [4.16 — 4.17].

4.4.2 EFFECTS OF ANNEALING: HYDROGEN VS. DISORDER

The optical band gap of a-Si:H is one of the most widely studied subjects in solar
cell applications, since it is related to the electronic structure of the material and,
more importantly, since the efficiency of solar cells made from this material is
directly related to it. It is generally accepted that the band gap is dependent on both
the H-concentration and the structural order [4.2, 4.7, 4.15 — 4.21].

The optical band gap as a function of annealing temperature for samples A and B
is shown in Figure 4.9. Annealing samples A and B at Ta < 300 °C and T4 < 250
°C, respectively, induces no change in Er,,. After annealing sample A at 350 °C a
linear decrease in E,, is observed. Annealing sample B at temperatures ranging
between 300 — 350 °C produces a linear decrease in Eray, after which Erauc
reaches a saturation level at T, > 350 °C. It should be noted that similar trends in
the cubic band gap for samples A and B were observed, using the method proposed

by Klazes et al. [4.22] (not shown).

Miiller et al. [4.23] have shown that the slope of the linear fit through the data in
Figure 4.7, Bray, 1S proportional to the density of states in the valence and
conduction band tails. In Figure 4.10 we plot By, as a function of annealing

temperature for samples A and B.
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Similar trends in Eta and Bra,. are observed with increasing annealing
temperature. Therefore we conclude that the decrease in By, is associated with
the broadening of the valence and conduction band tails, thereby pinning the
valence and conduction band edges closer together resulting in a reduction in Erayc.
The broadening of the valence and conduction bands is caused by an increase in
the structural disorder, as seen by the increase in I'/2 in Figure 4.4. The increase in
/2 is also the primary cause of H-diffusion, as discussed in Figure 4.5, which

results in the creation of Si dangling bonds, thereby causing a reduction in Erayc.

To summarise, changes in Erg, is fully attributed to changes in the network
disorder, which can be divided into two contributions. The first being the
broadening of the conduction and valence band tails, while the second is the

creation of Si dangling bonds caused by H-diffusion.

4.5 CONCLUSION

In this chapter the effect of isochronal annealing on the structural order and optical
band gap of two HW-deposited a-Si:H samples, with different H-concentrations,
has been investigated. Raman scattering was used to quantify the degree of
disorder in the amorphous network, which was related to H-diffusion and the

optical band gap.

Our results suggest that both samples remain purely amorphous at temperatures as
high as 550 °C. The stability of the structural order is dependent on the initial H-
concentration; i.e. a-Si:H with a low H-concentration remain stable at relatively
higher temperatures compared to that of a-Si:H with high H-concentrations. This is
evident by the slight increase of ~ 1 cm™ in /2 for sample A at 400 °C as

compared to a 3 cm’ increase in [/2 for sample B at the same temperature.

We have successfully shown that H-diffusion is primarily caused by an increase in

the network disorder, resulting in the creation of Si dangling bonds. In addition to
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this an increase in the network disorder also causes a broadening of the valence
and conduction band tails. Both of the above-mentioned observations result in a

reduction in the optical band gap.
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CHAPTER S

Structural Characterisation:

Positron Annihilation

5.1 INTRODUCTION

Positron annihilation spectroscopy is a set of techniques based on the ability of
positrons when these meet open-volume imperfections (defects) in a solid, to
become localized and eventually annihilated by nearby electrons [5.1]. Its
sensitivity covers a wide range of defect types and concentrations and is
increasingly being used as a sensitive probe to characterise low concentrations of
open-volume defect sites [5.2 — 5.3]. Included in these set of techniques are

positron lifetime and Doppler-broadening spectroscopies.

The positron lifetime is dependent on the local electron density around the defect
site. The defect-related lifetime, which is inversely proportional to the annihilation
probability, increases as the electron density around the defect site decreases with
increasing size. Therefore, positron lifetime spectroscopy is most sensitive to the
defect size and concentration. Doppler-broadening spectroscopy is a form of
electron-momentum spectroscopy that measures the momentum imparted to the
annihilation quanta by the participating electron. The momentum imparted is
measured by an energy shift due to the centre-of-mass motion of the positron-

electron annihilation pair. This information is contained in the energy broadening
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of the 511 keV y-ray peak. Specific line-shape parameters can be used to quantify
the fraction of positrons annihilating with different electron distributions. The low-
electron-momentum (valence) fraction, generally referred to as the S-parameter,
depends primarily on the size and concentration of the open-volume defect. An
increase in the S-parameter is associated with an increase in the defect size,
concentration or both. On the other hand, the high-electron-momentum (core)
fraction, generally referred to as the W-parameter, is sensitive to the electronic
structure at the annihilation site. For a specific spectrometer, the S- and W-
parameters now uniquely define the electronic configuration around a specific
defect. Used as complementary methods, positron lifetime and Doppler-broadening
spectroscopies can provide useful information about the size, concentration and

type of defects present in a solid.

Positron annihilation spectroscopy has a long history in the detection of defect
structures in solid-state applications and is well established in the study of
crystalline semiconductors [5.1, 5.4]. A variety of positron techniques have been
applied to the study of a-Si and a-Si:H produced by different techniques [5.5 —
5.15]. It has been shown that for unhydrogenated a-Si the dominant traps for
positrons are microvoids, present in large concentrations [5.5 — 5.6]. Plasma-
deposited a-Si:H appears to have a lower, but still significant microvoid
concentration, which is attributed to the high concentration of hydrogen bonded in
the clustered phase [5.5, 5.7 — 5.9]. Recently several HW-deposited a-Si:H
samples, deposited by our group, have been characterised by lifetime and Doppler-
broadening spectroscopies [5.10 — 5.13]. The dominant defect in HW-deposited a-
Si:H has been identified as the decorated dangling bond complex, which has
similar annihilation characteristics as the monovacancy in crystalline silicon [5.9 —

5.11].
In this chapter we investigate the effect of isochronal annealing on the defect

structure of HW-deposited a-Si:H using Doppler-broadening spectroscopy, and

relate these changes to the changes in the H-concentration and structural order.
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This chapter is organised as follows. In the next section the experimental details of
the sample preparation, heat treatments and characterisation techniques are
described. In section 5.3 the quantitative data analysis of Doppler-broadening
spectroscopy will be discussed. The changes in the defect structure will be

discussed in section 5.4, followed by concluding remarks drawn in Section 5.5.

5.2 EXPERIMENTAL DETAILS

5.2.1 SAMPLE PREPARATION

Samples A and B have been deposited in the MVSYSTEM deposition chamber at the
exact deposition conditions described in section 3.2.1, with the exception of the
deposition time to allow for a film thickness of > 800 nm, enabling a clear
differentiation between the surface and a-Si:H layer signals in the Doppler-
broadening defect-depth profile. The samples were deposited only on Corning
7059 substrates since it has a significantly different electronic configuration than

the a-Si:H layer, thus producing well-separated layer and substrate signals [5.10].
5.2.2 HEAT TREATMENTS

Isochronal annealing of sample A was performed in situ in the positron
annihilation set-up [5.16] in a vacuum of base pressure 2 x 10 Pa (Department of
Physics, University of Cape Town). The annealing temperature ranged from 150 -
400 °C, in 50 °C increments. After the annealing temperature was reached the
sample was maintained at the particular temperature for 30 minutes, after which

the sample was cooled to ambient temperature, followed by the measurements.
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5.2.3 CHARACTERISATION

Doppler-broadening electron-momentum spectroscopy was performed using the
continuous positron beam at the University of Cape Town [5.16] in a vacuum of
base pressure 2 x 10 Pa. The incident positron energy was varied from 0.2 — 16.3
keV, which corresponds to a maximum mean implantation depth of ~ 1500 nm in
crystalline silicon. At energies ranging between 0.2 — 6.8 keV the energy
resolution amounted to 0.3 keV, whereas at energies ranging between 6.8 — 16.3
keV the energy resolution amounted to 0.6 keV. Six measurement runs were
performed at all energies with a total collection time of 300 seconds for each run.
The ambient temperature at the sample position amounted to 68 £ 2 °C and 79 + 1

°C for samples A and B respectively.

5.3 DATA ANALYSIS: DOPPLER-
BROADENING SPECTROSCOPY

The mean penetration depth of the positrons is dependent on the incident positron

energy E and is given by:

z=2E" (5.1)
o]

where o and n are constants; and

p is the density of the sample.

Widely accepted empirical values for o and n are 400 pgem™keV™ and 1.6
respectively [5.17]. As a starting point the density of c¢-Si [5.18] was used, after
which the density was adapted to compensate for difference in the true film

thickness determined from optical interferometry and the nominal film thickness
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determined from the defect-depth profile using equation (5.1). Alternatively the

density of the sample can be determined using equation (2.9).

The Doppler-broadening of the 511 keV-peak consists of various components,
each associated with a specific positron annihilation process. The S-parameter is
defined as the normalized area of the central low-momentum part of the spectrum

A, divided by the area below the whole curve A, after background subtraction; i.e.

A
S=—2 52
A, (5.2)
where;
E,+E;
A,= [N,dE (5.3)
Eo-Es

The W-parameter is defined as the normalized area of the wings A,, divided by the

area below the whole curve A, after background subtraction; i.e.

A
W= 5.4
A, (5.4)
where;
E,
A, = [N,dE (5.5)

The integration limits are chosen systematically around the energy E, = 511 keV
for the calculation of the S-parameter. The integration limits E; and E;, for the W-
parameter must be defined in such a way as to have no correlation effects with the
S-parameter. After the integration limits Es, E; and E; have been identified it was

kept fixed for all measurements.
Figure 5.1 shows an example of a Doppler-broadening spectrum of an a-Si:H

sample. The spectrum shows the approximate areas used for the calculation of the

S- and W-parameters and the energy limits E; and E,.
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Figure 5.1  Doppler-broadening spectrum (raw data) of an a-Si:H sample. The
shaded areas in the center and the wings refer to the approximate
areas used for the calculation of the S- and W-parameters,

respectively [5.19].

The R-parameter [5.20], which depends only on the defect type and not on the

defect concentration, is defined as:

(5.6)

The R-parameter for a particular defect type can be calculated from the graphic
presentation of S = S(W) as the slope of the straight line through (W,, S,) and
(W1, Sy). The S versus W plots can be used to highlight the presence of different
defect types in differently prepared and treated samples.
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5.4 RESULTS AND DISCUSSION

5.4.1 AS-DEPOSITED DEFECT-DEPTH PROFILES

The results of the Doppler-broadening analysis for samples A and B in the as-
deposited state are shown in Figures 5.2 and 5.3 respectively. It should be noted
that the mean nominal depths in these figures were calculated using the density of
c-Si. Two different regions can be distinguished, corresponding to the annihilation
states of positrons in the a-Si:H layer and at the a-Si:H/substrate interface. For
sample A these regions are centred at nominal depths of 180 nm and 800 nm

respectively.
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Figure 5.2  Low momentum fraction S as a function of the mean nominal depth,
calculated to the mean depth in c-Si, for sample A in the as-

deposited state [5.21].

The a-Si:H layer and interface regions for sample B are centred at nominal depths

of 110 nm and 730 nm, respectively.
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Figure 5.3 Low momentum fraction S as a function of the mean nominal depth,
calculated to the mean depth in c-Si, for sample B in the as-

deposited state.

Harting er al. [5.12] have shown that a relaxation of the amorphous network of
HW-deposited a-Si:H results in a higher degree of ordering and consequently in a
reduction in the average size of the defects, assuming the same defect type.
Therefore, in general, a reduced S-parameter is associated with a higher degree of
ordering in the amorphous network. Raman scattering have shown that sample A is
more ordered than sample B and therefore we are tempted to predict that the S-
parameter of the sample A should be lower than that of sample B. However, this is
not seen by the reduced S-parameter of sample B; and consequently it is feasible to
assume that the dominant defect type of samples A and B is fundamentally
different. However, Figure 5.4 shows that the gradients of the S- vs. W-parameter
plots, i.e. the R-parameter, of samples A and B are equal and amounts to ~ 1.038.
This illustrates that the samples have the same dominant defect type [5.20], thereby
rendering our previous assumption invalid. Britton et al. [5.11] have shown that
positrons annihilate from a single state, with a lifetime of ~ 330 ps, in sample A.
This lifetime is characteristic of the dangling bond complex in a-Si:H [5.1], which

is therefore the dominant defect type in samples A and B.

77



Chapter 5

045 :""]'T"|""|'"'l'"'l""l""l""l""l""I""l""-
044
043 F
042
041 F
040 f
0.39§
0.38§
037 F
0.36§
035
034
033

032 E
0.04 005 006 007 008 009 010 011 012 013 014 015 0.16

S-parameter

W-parameter

Figure 5.4  S-parameter versus W-parameter in the as-deposited state for
sample A (solid circles) and sample B (open circles). The lines are

linear fits through the data.

The reduced S-parameter of sample B can be explained by the large fraction of
hydrogen bonded in the clustered phase, in particular on the internal surfaces of
microvoids, as shown in the IR spectrum of sample B (Chapter 3). This results in a
reduction of the effective free volume, i.e. defect size, seen by the positron and

consequently results in a reduced S-parameter.

5.4.2 EFFECTS OF ANNEALING

Figure 5.5 shows the plot of the S-parameter as a function of annealing
temperature for sample A [5.11]. The values plotted are an average over an 80 nm-
wide region centred around a mean depth of 180 nm. The errors shown are the
standard deviation of the averaging procedure. The S-parameter increases
monotonically with an increase in temperature up to 350 °C, indicative of an

increase in the defect size, concentration or both.

78



Structural Characterisation: Positron Annihilation

After annealing the sample at 400 °C a saturation of the S-parameter is observed,

implying that the defect structure remains stable.
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Figure 5.5 Low momentum fraction S as a function of annealing temperature

for sample A.

Since no H migration or diffusion is observed at temperatures < 200 °C, the
increase in the S-parameter in this temperature range can be attributed to the
alignment of native Si dangling bonds, which are already unstable at room
temperature [5.1], and can therefore cluster to produce larger open-volume defects
or microvoids. At temperatures > 250 °C when H-diffusion occurs the increase in
the S-parameter is partly due to the termination of the =Si—H bonds, caused by an
increased network disorder. This results in the creation of weak =Si—H bonds, as
seen from the IR absorption spectra, and Si dangling bonds that are
indistinguishable from native dangling bonds, thereby increasing number of
defects. This is followed by the recombination of two neighbouring H atoms,
resulting in the formation of H, [5.22] and eventually H-diffusion, assuming H, to

be the mobile species [5.23]. Zou et al. [5.24] suggested this configuration to be
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the defect responsible for the Staebler-Wronski effect and is consistent with the

infrared results in Chapters 3.

Furthermore, the Si-dangling bonds created as a consequence of H-diffusion are
already mobile at room temperature [5.1] and can therefore be unstable and again
align to eventually cluster to form larger open-volume defects or microvoids,
thereby contributing to an increase in the S-parameter. Positron lifetime
spectroscopy confirms that in the as-deposited state there are no microvoids
present in sample A. However, the formation of microvoids after annealing sample
A at 400 °C becomes evident, as seen by a second void-like lifetime component in
the lifetime spectrum that amounts to 691 + 54 ps [5.11]. Since no clustered phase
of hydrogen is observed from the IR absorption spectrum at 400 °C, we can

conclude that the internal surfaces of the microvoids are not occupied by hydrogen.

In summary, at temperatures < 200 °C, where no H-diffusion is observed, the
native Si dangling bonds cluster to initiate the formation of low concentrations of
microvoids. At temperatures > 250 °C, where H-diffusion occurs in the form of H,
molecules, an increase in the defect concentration is observed, due to the creation
of H-terminated dangling bonds. In addition to this, the H-terminated dangling

bonds align to result in the formation of more and/or larger microvoids.

5.5 CONCLUSION

In this chapter we have reported on the defect structure of HW-deposited a-Si:H
samples with different H-concentration and bonding configurations. Furthermore,
the effect of isochronal annealing on the defect structure was investigated and

related to changes in the H-concentration.

The dominant defect type in the samples was found to be identical, identified as

the Si dangling bond complex, even though the annihilation parameters of the
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samples were essentially different. The difference in the annihilation parameters

was attributed to the difference in the hydrogen bonding configuration.

Doppler-broadening spectroscopy has confirmed the creation of Si dangling bonds
with increasing annealing temperature in sample A, as seen by the increase in the
S-parameter. However, prior to H-diffusion a change in the defect structure is
observed and is caused by the creation of low concentrations of open-volume
defects or microvoids. Positron lifetime spectroscopy shows evidence of vacancy
clustering at 400 °C, caused by the alignment of H-terminated dangling bonds and
consequently in the creation of more and/or larger open-volume defects or
microvoids. Moreover, from infrared spectroscopy we can also conclude that the

internal surfaces of the microvoids are not occupied with hydrogen.

As a follow-up experiment, the stability of the defect structure of sample B should
enjoy immediate attention. Future experiments to the study the stability of the
defect structure should include small-angle x-ray scattering (SAXS), since this

technique provides information on the void shape and void fraction in a-Si:H.
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SUMMARY

Hydrogenated amorphous silicon (a-Si:H) has proven to be of technological
importance in applications such as solar cells, thin film transistors, liquid crystal
displays and photocopiers. This is especially due to the fact that the material can be
manufactured in an inexpensive deposition process, as opposed to the costly
manufacturing process of crystalline silicon. More importantly, for solar cell
applications, this material has a high absorption coefficient, implying that an
absorber layer of thickness ~ 0.5 um is sufficient to absorb most of the incident

radiation.

However, one major detrimental disadvantage of the material is that its electronic
properties degrade upon exposure to prolonged illumination and elevated
temperatures. In the manufacturing of the devices the intrinsic a-Si:H layer is
usually subjected to further heat treatments, e.g. post-deposition of the n- and p-
doped layers. Furthermore, in subsequent use the devices may also be exposed to
radiation and temperature cycling over a wide range of temperatures. Due to these
complications we have investigated the thermal stability and defect structure of a-
Si:H, deposited by the hot-wire chemical vapour deposition (HWCVD) process,
when exposed to elevated temperatures in the range 150 — 450 °C. Particular
emphasis was placed on the effect of the as-deposited hydrogen concentration and
bonding configuration on changes in the network disorder, optical band gap and

defect structure.

We have successfully identified the original site of H emission under thermal
annealing as the =Si—H bond, whether isolated or on the internal surfaces of voids.
There is also evidence of a reduction in the =Si—H bond strength, as illustrated in
the displacement of the IR stretching band centred at ~ 2000 cm” to lower

energies. The onset of H-diffusion occurs at temperatures above 200 °C.



Summary

Raman scattering confirms that no crystalline phase transitions are induced in both
samples at temperatures as high as 550 °C. We have shown that the primary cause
of H-diffusion is an increase in the network disorder, resulting in the creation of H-
terminated Si dangling bonds and disorder-induced =Si~H bonds. The increase in
the network disorder also causes a broadening of the valence and conduction band
tails, thereby pinning the valence and conduction band edges closer together and

consequently resulting in a reduction in the optical band gap.

Finally, positron annihilation spectroscopy established that the dominant defect
type in both samples in the as-deposited state is fundamentally identical, identified
as the Si dangling bond complex. Doppler-broadening spectroscopy has confirmed
the creation of H-terminated Si dangling bonds during annealing, as seen by the
increase in the S-parameter. However, prior to H-diffusion a change in the defect
structure is observed and is probably caused by the creation of open-volume
defects or microvoids. Positron lifetime spectroscopy shows evidence of vacancy
clustering at 400 °C, caused by the alignment of H-terminated dangling bonds and
consequently results in the creation of open-volume defects or microvoids.
Furthermore, infrared spectroscopy provides evidence that the internal surfaces of

the microvoids are not occupied by molecular hydrogen.

In conclusion we present the following model for the thermal stability of HW-

deposited a-Si:H:

e Under thermal annealing an increase in the network disorder causes the
termination (breaking) of the =Si—H bond, resulting in the creation of (a) mobile
H, (b) H-terminated Si dangling bonds and (c) weak disorder-induced =Si-H
bonds.

¢ Unstable H-terminated Si dangling bonds diffuse and eventually align, thereby

resulting in vacancy clustering to form low concentrations of open-volume

defects or microvoids at relatively low temperatures.
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e Two mobile H atoms recombine, resulting in the formation of H, molecules that
become trapped in H-rich clusters or microvoids, which are thought to remain
stable up to relatively high temperatures. Hydrogen diffusion to the surface
occurs via an accumulation of H, molecules in high-pressure bubbles, which
eventually open by explosion and consequently results in the blistering of the

sample surface.

Future experiments to study the thermal stability of HW-deposited a-Si:H should
include thermal desorption spectroscopy (TDS), secondary ion mass spectroscopy
(SIMS), high resolution transmission electron microscopy (HR-TEM) and small-

angle x-ray scattering (SAXS).
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