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Abstract

Within the photovoltaic industry, a lot of research is done in order to minimize losses which are created
during the conversion of solar light to electrical energy. In a crystalline silicon solar cell light has to pass
through several layers before it enters the silicon wafer where the electron-hole pairs are generated.
As one can imagine, if more light reaches the active layer, more electron-hole pairs can be generated.
It is highly desired that only one layer, the active layer, is absorbing photons of the solar spectrum.
The active layers at the sunny side of the silicon wafer should be highly transparent for solar light.
In addition to being transparent, these layers should be conductive to extract the generated charge
carriers to the metal contacts. Current layers applied at the sunny side are not optimally transparent,
so it is still possible to increase the efficiencies in the crystalline silicon solar cells. In this study, doped
silicon oxide layers have been explored as a potential more transparent layer for passivation of both the
silicon surface and the metal contacts. Two routes for the fabrication of doped silicon oxide layers were
investigated: post-oxidation of doped polycrystalline silicon layers and post-doping of in-situ grown
silicon oxide layers. To characterize this new type of material, several different measurement techniques
have been applied to improve our understanding of Low-Pressure Chemical Vapor Deposition deposited
silicon oxide passivating contact layers. It was found that the structure and composition of the layers is
very different for these different routes. However, very good and stable surface passivation (minority
carrier lifetime of >3 ms) can be achieved with both types of silicon oxide layers. Also, sheet resistance
measurements have indicated that phosphorus doping in silicon oxides is possible. For better insight
into the electrical properties of these layers, further testing in electronic test structures is advised.

Wessel Willem Andries van Ekeren
Delft, May 2018
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Introduction

One of the aims of the Paris Agreement is to limit global temperature rise well below 2 °C, with efforts
to limit the warming to 1.5°C [1]. In the road towards sucessful realization of this agreement, all types
of renewable energy sources need to become cheaper and more efficient. Solar energy has already
become the cheapest and fastest-growing energy resource on earth [2]. Its future potential is still
huge, because every hour the sun radiates more energy onto earth than the entire world uses in one
year and nowadays only 0.1% of this amount is being used. The photovoltaic (PV) industry is one
of the most promising emerging technologies. Due to the worldwide growing interest in renewable
energy, and to compete with other renewable energy sources, the photovoltaic industry strives to
develop the most efficient and cheapest solar cells. The majority of the silicon solar cells which are on
the market nowadays are based on p-type electron selective contacts. Despite that at the moment the
mainstream PV technology still relies on p-type crystalline silicon wafers, a gradual but significant shift
can be observed towards n-type silicon PV technology in the near future [2]. Because of its higher
efficiency and lower price per Watt-peak potential many PV companies are currently adopting n-type
technology as the next step, or are already producing bifacial n-type solar cells. These companies
ask for ready-to-implement and cost-effective improvements on their n-type technology. In order to
fulfill their requirements and to develop high efficiency solar cells a considerable amount of research
is done. Most studies are focused on reducing the amount of optical and recombination losses [3] [4]
[5]. Especially, reduction of recombination at metal contacts plays a major role towards the successful
realization of high-efficiency c-Si solar cells. For this reason, there is an increasing interest in the field
of so-called passivating contacts. In a passivating contact, a sheet is placed below the metal contacts
to reduce recombination at the silicon-metal interface. The sheet needs to be electrically conductive
for the type of charge carrier (electron or hole) to be collected at the contact. Traditional solutions
are based on passivated emitter and rear contact (PERC), or related architectures such as passivated
emitter and rear locally diffused (PERL)[6] [7]. In figure 1.1 a schematic drawing of an industrial
widely produced PERC solar cell is shown. This PERC solar cell is based on doped poly-Si passivating
contacts, which has excellent performance when employed as rear contact. The major drawback of this
structure is the parasitic absorption that takes place in the poly-Si layer at the front side. Consequently,
if more transparent and carrier selective materials can be developed, this material can reduce losses
and replace both front side and back side emitters which will further increase the solar cell efficiency.

Metal contact

+«— n* poly-Si

CZ p-type Si
Al:0:

I I I I »— dielectric layer
Al back contact

Figure 1.1: Schematic of the passivated emitted rear cell structure is shown. Image adapted from [6].



2 1. Introduction

Research in the field of passivating contacts has so far been focused on amorphous silicon (a-Si) or
doped polysilicon (poly-Si, p-type or n-type), in combination with SiO, or a-Si:H oxide. Such stacks of
doped and passivating layers provide excellent surface passivation, however, they also absorb photons
of wavelengths within the spectral response range of crystalline silicon. Incoming photons that are not
absorbed in the silicon wafer do not contribute to the current generated by the solar cell; therefore,
the need to improve the transmission of passivating contact layers is high. The best known passivation
technique is based on an amorphous to crystalline heterojunction structure. By implementation of a
stack of intrinsic and doped hydrogenated amorphous silicon (a-Si:H) layers at the interface of the c-Si
wafer and the metal contact, a so called heterojunction intrinsic thin film (HIT) structure is formed
[8]. Recently, researchers of Kaneka achieved a new world-record efficiency of 26.7% with these
type of solar cells [9] (enhancement of 0.4%, previous record was 26.3% by Yoshikawa et al. [10]).
Although this conversion efficiency is close to the maximum theoretical efficiency of 29.43%, both
contacts were placed at the rear for this record cell to reduce the parasitic absorption in these layers,
which requires very complex patterning methods that are not cost-effective to introduce in PV industry.
The efficiency can still be increased by using more transparent passivating layers and by reducing
recombination losses at metal contacts. Recently, the development of doped silicon oxides to replace
both the passivating and the selective interface layer received a lot of attention [11] [12] [13]. Due to
its tunable optical bandgap (a larger bandgap means enhanced transparency) and tunable refractive
index it can be applied in silicon solar cells as window layer, intermediate reflector or back reflector.
Although devices fabricated with a SiO, passivating contact layer are showing promising efficiencies,
the material properties of these layers are not yet very well understood.

Doped poly-SiO, is more transparent than poly-Si or a-Si:H for the relevant part of the solar spectrum
and can also be produced using LPCVD equipment that is readily available in PV industry. Other
materials, such as MoO, (molybdenum oxide) [14] and SiC (silicon carbide) [15], also show great
potential as passivating contact layers, but industrial equipment for manufacturing of such layers is not
yet readily available.

This work focuses on the development of SiO, layers that can reduce metal contact recombination
and minimizes optical losses in c-Si solar cells. Two approaches for fabrication of LPCVD SiO, layers
will be investigated. These methods will be referred to as post-oxidation and post-doping, and will be
explained in more detail in the methodology chapter 3.

1.1. Motivation to Develop Doped Silicon Oxide Layers

Silicon oxide based passivating contact layers in bifacial solar cells are getting increased attention in
the development towards high efficient solar cells. Previous studies have shown that the application of
silicon oxides result in higher current output, because of an increase in optical bandgap and decrease
of refractive index [11] [16]. The optical bandgap is a measure of the ease of electron excitation from
the valence to the conduction band. The size of the atoms and the number of protons in the atom
are the primary predictors of the strength and layout of the bandgaps. Materials consisting of small
atoms and strong, electronegative atomic bonds are associated with wide bandgaps. More specifically,
the bond energy determines the width of the bonding and anti-bonding states. The more tightly
atoms are bonded to one another, the more difficult it becomes to excite an electron in the material.
Upon increase in bond-energy, the bonding and anti-bonding states widen up and thus increases the
bandgap (enhanced optical transparency). The Si-O bond energy in SiO, is 4.8 eV, whereas the Si-Si
bond energy in crystalline Si is 2.3eV [17] [18]. When many Si—O bonds are formed the respective
bonding and antibonding states widen. The optical bandgap of intrinsic silicon is about 1.12eV and
that of SiO, is about 9eV [19] [20]. So any substoichiomtetric oxide (SiO,) will have an optical gap
within the range 1.7eV to 10eV, depending on the oxygen content. The optical bandgap increases
monotonically with the increase of oxygen content [11]. To summarize, silicon oxides have a larger
bandgap than silicon which reduces the amount of parasitic absorption. Because the bandgap of SiO,
is larger than the bandgap of poly-Si, it becomes interesting to investigate the replacement of doped
poly-Si with doped SiO, layers.

Silicon oxide layers have been widely developed by LPCVD, but were not yet optimized for PV. In
solar cell research the most commonly used technique to develop these layers is based on PECVD.
However, PECVD is not yet industrially applied due to production limitations (low throughput, large
downtime and use of toxic gases). Since large quantities of solar cells can be processed by LPCVD, it



becomes interesting for industry to investigate the development of SiO;, layers by LPCVD. Furthermore,
studies about adding dopants to the silicon oxide layers are currently gaining interest, but the doping
process is still not very well understood. The purpose of this research is to investigate possible routes
of LPCVD developed doped SiO,, layers.

The silicon oxide layer needs to be selective, passivating and conductive in the lateral direction. In
the most ideal case, the silicon oxide layer has a refractive index similar to that of SiN, (2.1) [21], so
that it can also function as anti-reflective coating. The biggest challenge is to make the silicon oxide
layer conductive in the lateral direction. If this challenge is not being met, extra in-diffusion needs
to compensate for increased resistance or a transparent conductive oxide needs to be placed on top
of the silicon oxide layer can enhance lateral conductivity. In figure 1.2 a schematic is shown which
visualizes the different functions.

Metal Contact TCO

Buried
face

_— surfa
Field

CZ n-type Si

Figure 1.2: Schematic of the application of SiOx layer as passivating contact. The schematic also shows which layers need to
be added if the SiOx does not fulfil the sheet resistance requirement.

The primary objective of this study is to investigate the development of doped SiO, passivating
contact layers deposited by LPCVD. The secondary objectives are set to realize the primary objective,
and are listed below:

« Is post-oxidation, either by dry or wet oxidation, of phosphorus doped poly-Si a successful method
to produce doped SiO, layers?

— Determine the quality of the layer for application in a passivating contact and discuss most
relevant material properties contributing this quality.

¢ Is post-doping of in situ oxidised SiO, layers a successful method to produce doped SiO, layers?

— Determine the quality of the layer for application in a passivating contact and discuss most
relevant material properties contributing this quality.

e Which route, post-oxidation or post-doping, leads to the the most promising SiO, passivating
contact layer?



4 1. Introduction

1.1.1. Outline of Thesis

The goal of the work in this thesis is to investigate two different routes for producing doped SiO,
layers and to determine the applicability of the resulting layers. In seven chapters the reader will be
provided with the findings of this study. The outline of the coming chapters of the thesis is given below:

Chapter 2 provides the reader with background information required to understand the research
and thesis.

Chapter 3 describes the fabrication process of the symmetrical samples and gives an overview of
the characterization techniques used to determine the electric and structural properties of the devel-
oped SiOy layers.

Chapter 4 discusses the results of doped SiO, layers developed by dry and wet post-oxidation of
poly-Si.

Chapter 5 discusses the results of doped SiO, layers developed by in-situ oxidation and post-doping.

Chapter 6 reviews the highlights of this thesis, draws general conclusions and presents an outlook for
future research.



Background

This chapter will provide the reader with all required (state-of-the-art) knowledge about silicon solar
cells in order to understand the performed/executed research. Also, the motivation behind this research
will be explained.

2.1. Working Principle of a Crystalline Silicon Solar Cells

Before an accurate description of the working principle of solar cells is given, the reader will be provided
with a brief description of semiconductor physics. The behaviour of semiconductor materials can be
described according to solid state physics. This theory postulates that electrons within a solid are
arranged according to an electronic band structure. The band structure describes the energy levels
which may, or may not be occupied by electrons. The allowed energy levels are known as energy
bands and the prohibited energy ranges are known as band gaps. Two types of energy bands can be
distinguished: the conduction band and the valence band. The difference in energy of electrons in the
conduction and valence band is the bandgap energy, E; = E; — E,. The distribution of electrons within
these energy bands depends on the type of material (i.e. semiconductor, insulator or conductor). The
last crucial energy level in the understanding of electrical properties of solid materials, is the Fermi
energy (Er). This level is defined as such that at 0K all energy levels are filled up to Eg, but no
electrons can exceed the Er. If an atom is isolated, the electrons have well defined discrete energy
levels. However, when atoms are brought together to form molecules, these discrete energy levels split
up into multiple energy levels grouped as bands. This change of electron’s discrete energy levels when
atoms are brought together is visualized in figure 2.1. It should be noticed that the energy bands are
separated from each other by an energy gap.

A Electron energy (eV)

NN Allowed energies

»

235A Interactomic distance d

Figure 2.1: Schematic energy bands for electrons in a silicon crystal. On the y-axis the electron energy is plotted, whereas on
the x-axis the interatomic distance is shown. Image taken from [22].



6 2. Background

The energy band theory described above can be applied to three different types of materials. In
figure 2.2 a schematic view of the band structures of conductors, insulators and semiconductors is
shown. Figure 2.2 shows that no bandgap is present for metals, a moderate bandgap is present for
semiconductors and a large bandgap is present for insulators. In materials where no or a negligible
bandgap is present (the valence and conduction bands overlap) free carriers move freely through
the crystal lattice. These materials are known as metals and are the best conductors compared to
semiconductors and insulators. Large bandgap materials, also known as insulators, require the largest
amount of energy to excite electrons from the valence band to the conduction band and thus have
the highest electrical resistance to current flow. Semiconductors have a moderate bandgap, in which
a small amount of energy supplied to the material can generate free carriers, altering the conductivity
of the material significantly (i.e. conductivity will increase).

X Conduction Band
Conduction Band

Electron Energy

Conductor Semiconductor Insulator

Figure 2.2: Schematic overview of energy band diagram of conductor, semiconductor and insulator [23]. E; is indicating the
forbidden energy range and known as the bandgap energy. For insulators the bandgap is > 2 eV, for semiconductors this value
is 0eV < 2eV and for conductors the bandgap is absent. E; and Ey, are both continuous energy levels and are respectively
known as conduction band energy and valence band energy. The position of Er is dependent on the doping level in the
semiconductor. For intrinsic semiconductors Er lies in the middle, whereas for n- and p-type the Fermi level is shifted towards
the conduction band and valence band, respectively.

The only group of materials which responds to solar light, in terms of electrical energy generation,
are semiconductors. The band gap in insulators is too large for (sunlight) photons to excite electrons
from the valence to the conduction band. In conductors free electrons always exist, but they can move
randomly and hence they cannot contribute to current (movement of electrons in a specific direction is
required for current). As only semiconductors can convert solar energy, from now on we will focus on
the behaviour of semiconductors. Two types of semiconductors can be distinguished: direct and indirect
semiconductors. Direct and indirect semiconductors differ in terms of alignment of the maximum of
the valence and minimum of the conduction band in momentum space. If the maximum of the valence
band and the minimum of the conduction band occur at the same crystal momentum, an electron can
be excited from the valence band to the conduction band without applying momentum. Semiconductors
in which this type of valence and conduction band alignment occurs are known as a direct bandgap
materials. Examples of direct bandgap materials are gallium arsenide and indium arsenide, also known
as III-V materials.

However, if the maximum energy of the valence band and minimum of the conduction band occur at
different values of the wave vector, an electron needs to change its momentum. Materials with a shifted
valence and conduction band maximum and minimum are known as indirect bandgap materials. In
these type of materials both a photon and a phonon are required to excite electrons from the valence to
the conduction band. Since in direct semiconductor materials only a photon can excite an electron into
the conduction band and in indirect semiconductor materials both a photon and a phonon are needed,
the former has a much higher absorption coefficient than the latter. Examples of indirect bandgap
materials are silicon and germanium. It is important to realize the difference in electron excitement for
direct and indirect bandgap materials when it comes to the types of losses, which will be explained in
the next section 2.2.



By keeping the bandgap theory in mind, it is possible to understand the working principle of the
solar cell. The working principle of solar cells is based on the photovoltaic effect, discovered in 1839
by French physicist Edmund Bequerel [24]. This effect can be divided into three simple processes:

1. Charge carrier generation upon photon absorption. If a photon with energy equal or larger than
the material’s bandgap energy (E;) enters the solar cell, electrons in the absorbing material
(shortly, absorber) will be excited from the valence band to the conduction band. The excited
electrons can move through the material and will be referred to as free charge carriers. Inherent
to the excitement of an electron to the conduction band, is the creation of a hole in the valence
band. A so called electron-hole pair is generated (consisting of a negatively charged electron and
a positively charged hole).

2. Separation of the generated charge carriers. The electron-hole pair that is generated after photon
absorption has to be separated to create a potential difference over the two terminals of the solar
cell. The separation of these carriers takes place by introduction of an electron collecting region
and a hole collecting region at the surface of the absorber (the silicon wafer). A more detailed
description of selectivity will be given in 2.3.

3. Charge carrier extraction by metal contacts. The last step involves the collection of the electrons
at the metal contacts, where the charge carriers will enter an external circuit. After collection
they can supply electric energy to an external system.
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2.2. Loss Mechanisms

As explained above, a so-called electron-hole pair is generated when a photon is absorbed by the
absorber. However, after this absorption various loss mechanisms reduce the solar cell’s power output.
These loss mechanisms can be divided into two categories, intrinsic and extrinsic losses. When referring
to single-junction solar cells, intrinsic losses cannot be avoided whereas extrinsic losses are avoidable.
The intrinsic losses are below bandgap losses(Epnoion < Eg), thermalisation losses (Epnoton > Eg,
holds for about 30% of photons), Carnot losses (thermal energy into electrical energy loss), Boltzmann
losses (inequality of absorption and emission angles results in entropy generation because of expansion
of photon modes). The extrinsic losses are theoretically avoidable, but always present in solar cells.
Extrinsic losses are optical losses (parasitic absorption, reflection losses, shading) and electrical losses.
Electrical losses can be divided into ohmic and recombination losses. The latter will be discussed in
more detail, since it has a prominent role in the design of surface passivation layers. By careful design
and material development, recombination losses can be minimized. Three types of charge carrier
recombination should be distinguished: radiative recombination, Shockley-Read-Hall recombination
and Auger recombination. In figure 2.3 these losses are shown.

Radiative recombination occurs is dominant in direct bandgap material, and as silicon is an indirect
bandgap material this type of recombination will not be discussed in further detail.
Shockley-Read-Hall recombination occurs if charge carriers get trapped at “trap” levels. For example,
defects and impurities in the bulk or at the surface of the wafer can introduce energy states (trap states,
E;) becomes dominant when trap states are introduced, for example due to defects in the material.
In this research the amount of dangling bonds at the silicon surface are reduced by hydrogenation, so
that SRH reduces and minority carrier lifetime increases.

Auger recombination takes place if an electron recombines with a hole, whereby the released energy
is transmitted to another electron that gets excited and relaxes the extra energy as phonon. This
mechanism becomes dominant if high doping concentrations are reached, due to increased amount of
free carriers in the conduction band. A carrier density of at least 10 x 1017 cm~3 is required.

Radiative Shockley-Read-Hall Auger
EC EC ; EC

Figure 2.3: Schematic of radiative, SRH and auger recombination. E are trapping states introduced in the bulk or at the
surface of the wafer. Please note that the electron that recombines with a hole in a trapping state during SRH is occurring
separately from the electron recombining with a hole in the valence band.
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The highest theoretical efficiency of a solar cell (the intrinsic limit) has been evaluated in 1961
when Shockley and Queisser developed their well known Shockley-Queisser limit [25]. The Shockley-
Queisser limit describes the efficiency limit of a single junction solar cell assuming that the solar cell’s
temperature is 300K, that the sun has a perfect black body spectrum with a surface temperature of
6000K and that the only loss mechanism in the cells is radiative combination. With these assumptions
the maximum efficiency was found to be 30% for an energy gap of 1.1 eV. However, today the solar cell
efficiencies are reported at operating temperatures of 298.15K and air mass 1.5 (AM1.5) which slightly
changes the detailed balance limit of solar cells. In figure 2.4 the effect of these changes is shown,
with also taking into account the non-radiative recombination paths (such as Auger recombination and
Shockley-Read-Hall). The lower the number f., the higher the fraction of non-radiative recombination.
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Figure 2.4: Graphical overview of solar cell efficiency versus bandgap. It includes the Shockley-Queisser limit (black curve) and
updated Shockley-Queisser limits for standard test conditions (all colored curves) and taking into account non-radiative
recombination (red and blue curves). The green curve represents detailed balance limit for standard test conditions. The ed
curve shows limit with non-radiative recombination 103 times stronger than radiative recombination. Blue curve shows limit
with non-radiative recombination 10° times stronger. Image taken from [26].

2.3. Selective Passivating Layers at Metal Contacts

In order to reduce the amount of losses in the solar cell, the recombination mechanisms have to be
minimized. In this section the mechanism behind the reduction of recombination at the metal contacts
will be addressed. Special attention will be given to passivation of the silicon substrate material (by
electron and hole contacts) and the selectivity of electron and hole contacts. Passivation may be defined
as the process which suppresses the surface recombination, caused by surface defects. The main
purpose of passivation is to reduce recombination of photo-generated carriers at the silicon surface.
The surface of a silicon substrate contains approximately 10 x 101* cm~2 defects in the form of dangling
bonds [27]. These dangling bonds introduce intermediate states within the bandgap which act as
prominent sites for charge carriers to recombine. Passivation of these dangling bonds can reduce
the amount of surface recombination. If the layers on both sides of the silicon absorber material are
passivating properly, the minority carrier lifetime increases significantly and thus charge carriers will be
successfully extracted from the absorber layer. In addition to being a passivating layer, the layer should
be carrier-selective. A layer which is carrier selective transmits one type of carrier, while it blocks the
other type of carrier. For example, the front layer should be electron-selective, whereas the back layer
should be hole-selective. A layer which possesses both passivation and carrier-selectivity properties is
referred to as a selective passivating contact.
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2.3.1. Selectivity

Selectivity can be obtained by introducing a high concentration of dopants into the layer, thereby
increasing the conductivity solely for one type of charge carrier. Depending on the type of dopant, i.e.
donor (n-type) or acceptor (p-type), respectively electron or hole selective layers will be obtained. To
illustrate the selectivity mechanism in n-type silicon, the energy band diagram of an electron selective
passivating contact is shown in figure 2.5.
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Figure 2.5: Schematic of idealized energy band diagram of an electron selective passivating contact layer (in practice the
conduction band offset is not zero). D;; reperesent the defect density at the interface between the surface and the passivating
layer. The green arrow represents the dominant electron flow and the red arrow represents the suppressed hole flow due to
band offset through passivating layer with large band gap. Image taken from [28].

2.3.2. Passivation

Passivation mechanisms can be divided into two main techniques; (1) reduction of the surface defect
density (chemical passivation) and/or (2) reduction of the electron or hole concentration at the surface
(field-effect passivation).

To summarize, the prerequisites for useful selective passivating contact layers are as follows:

¢ Selective for one type of charge carrier. This can be obtained by doping with either donor or
acceptor impurities.

¢ Reduce the amount of dangling bonds at the silicon surface and metal contact.
e Transparent layer for solar light.

A wide band gap material that significantly reduces the number of dangling bonds at the surface
and can conduct one type of charge carrier (selectivity) has to be searched for.
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2.4. Doping Mechanism in Semiconductors

There are three well known types of semiconductors; intrinsic, n-type and p-type. They are distin-
guished from one another by whether doping with active impurities is incorporated in the silicon crystal,
and in the case of n-type and p-type, which types of impurities are used. Intrinsic semiconductors do
not contain a measurable concentration of dopant atoms. Doping is the process in which impurities
are added to an intrinsic semiconductor to locally increase the conductivity for one type of charge car-
rier.. The impurities that are added to the intrinsic material either supply or accept electrons, whereby
respectively additional occupied states or vacant states are introduced. The dopants that introduce
additional occupied states are referred to as donors and the dopants that introduce additional vacant
states are referred to as acceptors.

This theory will now be applied to silicon, which is still the most widely used doped semiconductor
(and also used in this thesis). N-type silicon is doped with pentavalent dopants that contain one valence
electron more than silicon. Common donor impurities in silicon are the pentavelent atoms antimony,
phosphorous and arsenic. Four covalent electrons form bonds with the surrounding silicon atoms, while
the fifth valence electron is free to move. This electron is characterized with a higher energy level and
requires much less energy to be excited from the valence to the conduction band compared to electrons
of phosphorus sharing bonds with silicon. As the doped semiconductor has a surplus of negative charge
carriers (electrons) this type of semiconductor is named n-type. P-type silicon is doped with trivalent
dopants, having one valence electron less than silicon. The most commonly used acceptor impurities
are trivalent impurities such as boron, aluminium, gallium and indium. Three covalent electrons of
these elements form bonds with silicon, which leaves one covalent electron of a neighbouring atom
unbound. This unbound electron creates an electron vacancy, called a hole, in the silicon valence band.
As the semiconductor doped with trivalent dopants has a surplus of positive charge carriers (holes),
this type of semiconductor is named p-type. For clarity, since no charge is added to the total system,
the net charge in all types of semiconductors remains neutral after doping.

A simple visualization of the replacement of silicon atoms by pentavalent atoms (like phosphorus)
and trivalent atoms (like boron), is respectively shown in figures 2.6 and 2.7. The effect of this re-
placement in terms of band gap, i.e. extra states near the conduction band in n-type and extra states
near the valence band in p-type, is shown in figure 2.8.

Figure 2.6: Schematic view of how phosphorus donates Figure 2.7: Schematic view of how boron accepts an
an extra electron to silicon. The blue ﬁllgd cm;les electron from silicon. The blue filled circles represent
represent shared atoms, and the green filled circle shared atoms, and the green filled circle represents the

represents the extra electron donated by phosphorus. electron accepted by boron.
A Intrinsic n-type p-type
Conduction Band Conduction Band Conduction Band
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Figure 2.8: Schematic illustration of the effect of doping on the Fermi level in semiconductors.
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Diffusion Mechanism of Phosphorus

In this research phosphorus doped silicon or SiO, layers are investigated. To gain more understanding
of the phosphorus doping process, the phosphorus doping (and diffusion) mechanism in both silicon
and silicon oxide will be discussed. A general method to add n-type dopants to the silicon is to expose
silicon wafers in a quartz furnace to phosphoryl chloride (POCl;) and O, (with N, is typically added
as carrier gas). Once the silicon wafers are loaded in the tube, the furnace is heated to the desired
process temperature. Then, the carrier gas is passed through a bubbler containing the liquid POCI;.
The liquid POCl; is subsequently brought into the process chamber where it evaporates and reacts with
externally supplied O,. This reaction results in the formation of a thin liquid P,Os layer according to
reaction equation 2.1a. The Cl, is continuously ventilated from the system during the deposition step.
The next step is the formation of phosphosilicate glass (P05, PSG) through reaction equation 2.1b.

4 POCl, (g) + 30, (g) — 2P,0s (1) + 6 Cl, (2) (2.1a)
2 P,0s (1) + 5Si (s) — 5Si0, (s) + 4 P(s), (2.1b)

The PSG layer is the source of phosphorus during the next step, which will be referred to as the
drive-in step. The drive-in step can be seen as the doping step, and consists of the phosphorus diffusion
from the PSG layer into the silicon wafer. It should be made clear that reaction 2.1a already starts to
occur during pre-deposition, since the temperature during this process is near the diffusion temperature
of phosphorus (T=790 °C or higher).

In order to find an effective doping process of the poly-SiO, layers developed in this study, it is
important to understand the phosphorus diffusion processes that are used for doping of silicon (oxide).
First the procedure of the phosphorous diffusion in silicon will be described. After that, the effect of
the oxide content on the phosphorus diffusion in silicon oxide will be discussed.

Phosphorus can either diffuse to interstitial sites or to substitutional sites, depending on the process
conditions (temperature, POCl5/O, flow) and on the concentration. The solubility limit of dopants
depends on the temperature and is plotted against the temperature for several dopants in figure 2.9.
Note that the solubility limit includes both the electrically active and inactive dopants.
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Figure 2.9: Overview of the solubility limit in silicon for most important dopant atoms. Solid line represents study of Borisenko
and Yudin [29] and dotted line represents the study of Trumbore [30].

The solubility limit of phosphorus in silicon for 800 °C to 900°C, i.e. the temperature range of the
POCI; treatments used in this study, is found to be about 3 x 102 cm~3 [31]. Phosphorus atoms that
are present in the silicon layer at interstitial sites are not active dopants, since the atoms are not built
into the lattice. The number of phosphorus atoms at interstitial sites should be kept as low as possible,
since at these sites the dopants are not electrically active but may contribute to Shockley-Read-Hall
recombination [32]. On the contrary, the phosphorus atoms that replace silicon atoms at substitutional
sites are known to be electrically active, which is the desired state.

If the surface concentration of phosphorus is sufficiently high, for example in a silicon solar cell’s
diffused region, the phosphorus profile of electrically active phosphorus has a flat plateau near the
surface. If highly doped poly-Si is used as a selective layer, the poly-Si thickness can be estimated from
the depth of this plateau region, since the poly-Si layer itself will be saturated and further in-diffusion is
blocked in large part by the thin oxide below the poly-Si layer. Further phosphorus in-diffusion in silicon,
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Figure 2.10: Classical phosphorus concentration profile in Si,  Figure 2.11: Schematic representation of how phosphorus

measured by Electrochemical Capacitance Voltage (ECV, diffuses in silicon. From left to right: vacancy mechanism,
explained in 3.2.1) and Secondary Ion Mass Spectroscopy. interstitial mechanism, interstitialcy mechanism (also known as
Please note the inactive phosphorus concentration at the dual mechanism).

surface measured by SIMS.

occurring during process steps that involve high temperatures (such as thermal oxidation), will result
in a characteristic kink- and tail doping profile. In-diffusion causes a reduction of chemical passivation
at the interface and increases free carrier absorption [33].

The classical phosphorus-diffusion profile, consisting of plateau-kink-tail shape, is shown in figure
2.10. Three regions can be distinguished in this characteristic phosphorus doping profile:

1. High concentration region (typically above 3 x 1022 cm~3). When phosphorus levels are exceeding
a characteristic value, the diffusion is dominated by the vacancy mechanism via double negative
vacancies. The diffusion reaction may be related to the vacancy concentration and is described
as

PSi+ + V” — (PSi - V), (22)

where P is an an ionized substitutional P atom, V" is a double negative vacancy and (P; — v
is the nearest neighbour pair configuration.

2. Intermediate concentration region. When the phosphorus concentration is in the range of 1 x 10%° cm=3
to 3 x 1029 cm~3. In the transition region the diffusion mechanism is undergoing a changeover
from an interstitial-driven diffusion (low concentrations) to vacancy-based diffusion (high con-
centrations).

3. Low concentration region (typically below 1 x 1020 cm=3). The phosphorus diffuses in the silicon
via an interstitial mechanism. Via a so called "kick-out” mechanism silicon atoms are kicked-out
from lattice sites to interstitial sites. Phosphorus then becomes electrically active.

SiSi + Pi — (PSi+ + Sll + e_), (23)

where e~ is an electron, P is an ionized substitutional P atom, P; is an interstitial and Sig; is a
substitutional Si atom and Si; is a self-interstitial.
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2.5. Oxidation Mechanisms
n this study two different types of oxidation, known as dry oxidation and wet oxidation, have been
analysed. Basic understanding of these mechanisms is required to be able to discuss the quality of the
developed SiO, layers.

The chemical reactions taking place during dry- and wet oxidation, are shown in equations 2.4a
and 2.4b.

Si+ 0y, — SiOy,
Si+2H,0 —> SiO, + 2 H,,

(2.4a)
(2.4b)

Oxidation takes place upon inward diffusion of the oxidant (oxygen or water vapour) whereby silicon
is consumed. For every unit thickness of SiO, growth, about 0.45 unit thickness of Si is consumed and
the volume expanses about 2.2 times, causing compressive stresses in SiO,. During oxidation a SiO, |Si
interface is created, which moves towards the silicon substrate. The growth rate of dry oxidation and
wet oxidation is differs a lot. The growth rate of dry oxidation is known to be slow, whereas the growth
rate of wet oxidation is quite large. Of course, the oxidation rate may be influenced by temperature.
In figures 2.12 and 2.13, the oxide thickness is plotted as function of oxidation time for different
temperatures. The dry oxidation process is not exceeding growth rates of about 100 nmh~1, where
wet oxidation can operate up to approximately 600 nm. The diffusivity of the oxidant is the rate limiting
step during oxidation. Since the diffusivity, in the growing oxide, of the wet oxidant (hydroxide) is much
larger than of the dry oxidant, wet oxides grow much quicker than dry oxides. It is well-known that
the oxidation rate increases significantly in heavy doped silicon layers increases the rate of oxidation.
This effect is greater in boron doped silicon than in phosphorus doped silicon [34]. Dry oxidation of
silicon results in dense SiO, layers, whereas the SiO, layers obtained by wet oxidation of silicon result
in porous layers.

2.0

0.47
] N —1200°C
i 1200°C 189 |— - 100
|| T — —- 1000°C
] | ==——-1000°C 164 |= === agoc
= ] |====900°C [FE [ P 200°C
IS 03 =+t 800°C g 1.4
= — - -
e %)
o [l
- 1.2 —
§ — Ll s —
i~ 5 -
k] ] — 2 104
o 02 - © ~ -
° - S 08 P -
< ~ = ~ ——”‘
© ~ — O 564 -
— Ve -
0.1 /,/“‘ / - _
- 0.4 -~ -
— . // ________
_____________ 0247 ~ e
———————— s qireee =T
0 05 10 15 20 25 30 35 40 o K=mii. e

Oxidation time (h)

Oxidation time (h)

Figure 2.12: Growth kinetics of dry oxidation process.
Oxide thickness is plotted versus oxidation time. Image
modified from [35], based on [36].

Figure 2.13: Growth kinetics of wet oxidation process.
Oxide thickness is plotted versus oxidation time. Image
modified from [35], based on [36].
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2.6. Low Pressure Chemical Vapor Deposition (LPCVD)

The technique which is used in this study to deposit the layers on the Czochralski (CZ) and Float-
Zone (FZ) n-type silicon wafers is called Low-Pressure Chemical Vapor Deposition (LPCVD). As its
name implies, “low pressure” chemical vapor deposition distinguishes itself from other chemical vapor
deposition techniques by the low pressure environment in the furnace, typically around 10 x 10~3 mbar
to 3 x 10~ mbar. Nowadays, most SiO, layers are deposited by means of Plasma-Enhanced Chemical
Vapor Deposition (PECVD). PECVD is operating at extremely low pressures, around the vacuum level
(1 x 10~8 mbar). The main reason to use LPCVD over PECVD is that the former is known as low-cost
industrial process and thus can be applied on large scale. Furthermore, when the pressure is increased
the mass transport velocity will decrease proportionally to the pressure. In general, low deposition rates
result in highly uniform layers with low concentration of defects [37]. Since LPCVD processing takes
place at relatively low deposition rates, i.e. high pressures, when compared to PECVD, more uniform
layers can be formed with LPCVD. However, relatively high deposition temperatures (> 500 °C) and
relatively long deposition times are required to obtain similar layer thickness as obtained with PECVD.
The horizontal furnaces generally consist of three large modules: the load station where the loading
of the wafers occurs; the furnace section, which is comprised of one to four reactor chambers; and
the gas distribution cabinet where the flow of gases into the reactor chambers is controlled, and often
customized to meet the requirements of a customer’s particular processes. In this study the inlets
needed to be modified in such a way that it was possible to let both nitrous gas and silane gas flow
into the tube at the same time.






Methodology

In this study two different routes for manufacturing of doped SiO, layers have been investigated: a
post oxidation route, including both wet and dry oxidation, and a post doping route. The quality of the
SiO, layers made with the different routes was determined by analysis of both electrical and material
(structure/homogeneity/morphology/grain size/phases) properties. The post-oxidation route is based
upon an ex-situ oxidation process, whereas the post-doping route is based upon an in-situ oxidation
process. In this study CZ <100> n-type silicon wafers and FZ <110> n-type silicon wafers have been
used as substrate material. The choice of (chemically polished) CZ or (mechanically polished) FZ wafers
was dependent on the characterization method that was used after deposition of the SiO, layer. For
example, for spectroscopic ellipsometry mechanically polished FZ wafers were preferred.

3.1. Production Methods

3.1.1. Post-Oxidation of LPCVD Doped Poly-Si Using Dry and Wet Oxygen

In the first experiment, the first fabrication route for manufacturing of doped SiO,, layers was examined.
Here, silicon oxide layers were formed by oxidation of phosphorus doped poly-Si layers. To achieve
this, symmetrical samples were made using a seven step process. An overview of the process steps is
given in figure 3.1. In the first step the CZ n-type Si wafers were cleaned using 1% hydrofluoric acid
(HF) and polished in an alkaline chemical bath. Surface cleaning is required to remove the native oxide
and contaminants (organic and metallic) from the wafer surface. In the second step, an ultra-thin
tunnel oxide (SiO,) has been created on both sides of a CZ n-type Si wafer by thermal oxidation and
intrinsic poly-Si layers were deposited on top by deposition in a LPCVD furnace at 650 °C using silane
(SiH4) as source gas. The third step consisted of phosphorus (dopant) diffusion into the poly-Si layer
during a high temperature 850 °C POCI; treatment. During this POCl; treatment, first a PSG layer is
grown, which will be removed in the fourth step by a 9% HF dip, followed by a drive-in step at 850°C
during which the phosphorus diffuses from the PSG layer into the poly-Si layers to create the n-type
doping. It should be noted that during the doping process (POCI;) about 15nm on top of the poly-Si
is oxidised because of the PSG growth. In the fifth step, the SiO, layer was formed at the expense of
the poly-Si layer during a dry or wet post-oxidation LPCVD process. After post-oxidation some samples
were already characterized to study the properties of the SiO,, layers. Most of the samples were further
processed in steps six and seven, the hydrogenation and firing steps. During the hydrogenation step
SiOy layers are encapsulated by an SiN:H layer that was deposited on top by a remote PECVD at 375 °C.
Hereby, hydrogen diffuses to dangling bonds in the SiO,, layer and to the interface between the silicon
and SiO,. Finally, a rapid high temperature anneal at 830°C was performed in a belt furnace, more
commonly known as the firing process. This process is used in the manufacturing of the metal contacts
in solar cells and the properties of the layers should be stable or improving during this step.
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Figure 3.1: Process flow which show the steps to produce the symmetrical samples with SiOx layer by dry or wet oxidation.

Please note that the thickness of the remaining poly-Si layer depends on the oxidation time and
can be much less than the thickness shown after step five in the process overview. With respect to
transparency the most favourable situation is that the poly-Si is completely oxidised, which results in
a symmetrical sample with only phosphorus doped SiO,, on both sides of the wafer. However, it might
be more promising in terms of conducting properties to still have some remaining doped poly-Si for
lateral transport of charge carriers. This results in a stacking sequence of poly-Si and SiO,, on top of
the CZ wafer.

The dry- and wet oxidation processes have been investigated respectively at 800°C and 900 °C.
The different temperatures have been chosen as such that desirable thickness could be obtained in
a reasonable time range (with an eye on future industrial applications). For both oxidation processes
three different oxidation times have been examined which differed per initial poly-Si thickness. An
overview of the applied oxidation times for each initial poly-Si thickness is shown in table 3.1.

Table 3.1: Overview of oxidation times per oxidation method.

Initial poly-Si thickness (nm) | Dry oxidation times (min) | Wet oxidation time (min)
25 6, 16, 108 6, 12, 45

45 16, 108, 300 12, 30, 45

65 16 12, 30, 45
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3.1.2. Post-Doping of LPCVD Poly-SiO, Layers

In the second experiment, the second manufacturing route was examined, i.e. in-situ growth of LPCVD
SiO,. This experiment is based on a study of da Silva Zambom et al., who deposited SiO, layers by
means of LPCVD under different process conditions [38]. The tested in-situ oxidation and post-doping
process consists of five steps. An overview of the process steps is given in figure 3.2. The pre-cleaning
and polishing steps of the CZ n-type silicon wafers are exactly the same as for the previously described
post-oxidation sequence. After the cleaning and polishing of the silicon wafers, the wafers were placed
in the LPCVD furnace and exposed to different ratios of nitrous and silane gas. The N,O/SiH4 gas flow
ratio determines the oxide fraction in the SiO, layer. So, by adjusting the N,0/SiH, flow ratio, the oxide
fraction can be varied. In this experiment, the silane gas flow was kept constant and the nitrous gas
flow was varied. Before the main experiment was executed, one test sample was developed to check
the effect of process parameters. The SiO, layer in the test sample was formed by 30 min exposure of
a CZ n-type wafer to a gas flow ratio of 0.33. After the test measurements, the In total four different
flow ratios were investigated; 0.33, 0.42, 0.50 and 0.58. Also, two different deposition times have
been examined, i.e. 90 min and 120 min. After deposition, the as-deposited SiO,, layers were doped
with phosphorus during a POCl;5 treatment at 870 °C. This drive-in process is executed at 20 °C higher
temperature than the POCI3 process of wet and dry oxidised samples, since it is expected that the
oxides are blocking the phosphorus diffusion making the doping of SiO, more difficult than of poly-Si.
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Figure 3.2: Process flow which show the steps to produce the symmetrical samples with SiOx by varying N,O/SiH4 gas flow
ratio.

3.2. Characterization Techniques

The characterization techniques that have been used to analyse the SiO, layers are described in this
section. In table 3.2 an overview is given of the techniques that have been used to obtain results of
certain material properties.

Table 3.2: Experimental matrix which shows the techniques used to obtain information about the properties of the SiOx layers.

] Property \ ECV \ QSSPC \ FPP \ PL \ SE \ SEM \ FTIR \ XRD \
Passivation v
Doping profile v
Sheet resistance v v
Thickness v |/

Crystallinity v v
Composition v v

Optical constants v
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3.2.1. Electrochemical Capacitance-Voltage (ECV)

Electrochemical capacitance voltage measurements were done to obtain a doping concentration profile
along a certain depth, with a depth resolution in the nm range. A schematic impression of the ECV
set-up is shown in figure 3.3.

Salurated Calomel

™ Sample (working
electrode)

Plunger support

Figure 3.3: Schematic of electrochemical capacitance voltage measurement set-up.

The semiconductor is placed in contact with a specific electrolyte on a small area (4) in the order of
1 mm?2. The electrolyte has a dual role in both the formation of a Schottky barrier and as an etchant.
The Schottky barrier provides the basis of the measurement of the doping profile and the ething process
is requried to obtain a depth profile [39]. At the junction a depletion region develops, which is a region
depleted from electrons and holes, but may contain the dopant atoms and/or electrically active defects.
This region behaves like a capacitor and the capacitance of this system can be measured which can
then be related to the doping profile (which will be shown later). By varying the applied voltage to this
junction the depletion width will vary accordingly. In order to vary the width of depletion region either
a reverse or forward bias needs to be applied depending on the type of semiconductor, n- or p-type,
respectively. The capacitance is defined as the ratio of the change in electric charge in a system (the
depletion region) to the corresponding change in electric potential (space charge). The capacitance
measurement has either a positive or a negative value depending on whether the system is reversed
or forward biased, respectively. The doping concentration, N, is a function of this capacitance and is
calculated according to equation 3.1.The complete derivation of this equation can be find in the study
of U. Hashim et. al. [40].

NWa) = ——3¢ (3.1)

where N, is the doping concentration, W is the depletion region width, C is the capacitance, q is
the electronic charge, ¢ is the relative permittivity, ¢, is the vacuum permittivity, 4 is the measured
wafer area and dV is the bias (potential increment).

It should be noted that ECV is only able to measure substitutional (active) dopants and thus inter-
stitial (inactive) dopants will not be accounted for. The doping concentration is measured at certain
depths. These depths are reached by electrolytically etching the semiconductor sample. The disso-
lution of the semiconductor is reliant on the presence of holes. As in p-type material holes are the
majority carriers, the holes are readily present. However in n-type material these holes need to be
created. This is done by an extra illumination step. The thickness of the material dissolved is calculated
by integrating the dissolution current and subsequently applying Faraday’s law. The total depth shown
in the ECV graphs, is a combination of the removed thickness and depletion depth. The etched depth,
W,., is calculated according to equation 3.2 [41].

t
W, = ——
" ZFpA ),

where M is the molecular weight, Z is the dissolution number (number of charge carriers transferred
per molecule), F is Faraday’s constant, p is the density of the material, I is the dissolution current and
t is time.

Idt, (3.2)
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The dissolution and capacitance measurements are continuously repeated by etch/measure cycles
to profile the carrier concentration as a function of depth. The depth profile is obtained by electrolytically
etching of the semiconductor between the capacitance measurements. In this study the electrolyte
being used is ammonium fluoride (NH4F) and the metallic liquid as contact being used is gallium indium
(Galn). As this electrolyte is optimized for silicon dissolution and not for silicon oxide dissolution, it
was not possible to etch the silicon oxide properly. Therefore, the silicon oxide layer was removed
in order to conduct ECV measurements. Although it was not possible to determine the phosphorus
concentration in the silicon oxide layers, it was still useful to perform ECV measurements as it revealed
information about the in-diffusion in the silicon wafer.

3.2.2. Quasi-Steady-State Photoconductance (QSSPC)
In this research the passivation quality of the developed layers were checked by measurements with
the Sinton WCT-120. The set-up of this equipment is shown in 3.4 below.

Figure 3.4: Quasi-steady state photoconductance measurement tool from Sinton instruments (Sinton WTC-120).

The quasi-steady-state photoconductance measurement tool provides information about the minor-
ity carrier lifetime at a specific spot in the sample (diameter of about 2cm) [42].

In the squared sample holder a radio frequency coil is created which sends electromagnetic waves to
the sample (silicon wafer). When the flash lamp pulses light into the sample, excess charge carriers will
be generated, which causes a change in photo-conductance (current) of the wafer. The time-varying
conductance is detected by inductive coupling. The inductive coupling occurs in the coil because the
excess charge carriers interact with the coil by changing the resistance of the coil and thus induces
a voltage across the coil. The charge carriers recombine resulting in a decay of the eddy current.
The decay of eddy current can be monitored (phase and amplitude of AC current) and compared with
the time dependent intensity of the flash light. Since the minority carrier lifetime is related to this
change, an indication of the minority carrier lifetime can be given. Two distinct measurement modes
should be distinguished. The Quasi-Steady-State (QSS) relation and the transient relation. In QSS the
generation rate is equal to the recombination rate, whereas in transient generation rate is much larger
than the recombination rate. The QSS measurement mode is applied for samples where the minority
carrier lifetime is less than 100 ps, and the transient measurement mode is applied for samples where
the minority carrier lifetime is larger than 100 ys. The minority carrier lifetime in QSS is calculated
according to equation 3.3.

op
Teff = K (3.3)
where §p is the excess minority carrier density and G is the photogeneration of the minority charge
carriers. The effective minority carrier lifetime in samples which obey the transient requirements can
be described by equation 3.4.

op
Teff = ~ 5p (3.4)

dt
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The minority carrier lifetime values at an excess minority carrier density of 1 x 101> cm~3 are taken
as a measure for the interface passivation quality, which is a chosen representative injection level at
which Shockley-Read-Hall recombination is dominant, but trapping effects can be ignored. An example
of the datasheet obtained during this measurement is added to the appendix. Please note that, although
the reflection of the light pulse (more specifically, the refractive index of the top layer) has little effect
on the minority carrier lifetime, is taken into account when measuring in QSS. Also, all mentioned
minority carrier lifetimes are averages of four measurements. On top of that, the measurements of the
minority carrier lifetimes in the post-doped samples were measured at five spots on the silicon wafer
(middle, left top corner, left bottom corner, right top corner and right bottom corner).

3.2.3. Sherescan (FPP)

The sheet resistance measurement is based on a four-point-probe instrument. The four-point-probe is
able to measure the average resistance of a thin layer or a sheet. A simple schematic of the set up is
shown in figure 3.5. A DC current is applied to the outer two probes (1 and 4) and a voltage drop is
measured between the two inner probes (2 and 3). The voltage drop is large for insulating layers and
is low for conducting layers. The sheet resistance (Rg, /sq) is defined as

Re — T 6V
ST @) 1’

(3.5)

where ﬁ is @ geometrical factor, §V is the voltage difference between inner probes (2 and 3) and

1 is the current applied between the outer probes (1 and 4).

<=

@

CZ n-type wafer

Figure 3.5: Simple schematic visualization of the principle of the sherescan apparatus.

It is expected that the sheet resistance decreases when the silicon oxide layer is properly doped,
whereas it is expected that the sheet resistance increases when the silicon oxide layer is not properly
doped. During the oxidation step the phosphorus may diffuse from substitutional silicon lattice sites to
interstitial sites or it diffuses into the bulk silicon. In both cases the active phosphorus concentration
in the silicon oxide layer, and thus sheet resistance value, decreases. On the contrary, if the inactive
phosphorus atoms present in the poly-Si layer diffuse to substitutional sites or active phosphorus atoms
remain in the silicon oxide layer while oxide atoms are incorporated in the poly-Si layer, the silicon oxide
layer will contribute to lateral conductivity. In that case the sheet resistance will decrease when the
silicon oxide layer is removed.

3.2.4. Scanning Electron Microscope (SEM)

A Scanning Electron Microscope was used to analyse the SiO, layers in terms of homogeneity, thickness,
different phases and elemental distribution. High resolution images of surface topography can be
quickly obtained by top view analysis, which indicates the grain size and crystal structure (amorphous
or crystalline). In this way the SEM measurements revealed information about the morphology and
structure of the SiO, layer. Also, SEM was used to estimate the thickness of the layers. The layers in
the symmetrical samples can be distinguished because of their difference in conductivity. The larger
the conductivity of the sample, the less the layer charges and thus it will appear darker in the SEM
image. Within this study, the SEM samples were prepared by simply breaking of the silicon wafer along
the crystallographic direction.
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Energy Dispersive X-ray (EDX)

The elemental composition in a sample may be determined by a specific analysis method that is built
into the SEM, called Energy Dispersive X-ray spectroscopy (EDX). Electrons are accelerated towards
the sample surface and if sufficient energy is gained by the electrons upon acceleration they can excite
electrons from the inner shell to the outer shell. Subsequently, an excited electron from the outer
shell will fall back to the energy of the inner shell whereby energy is emitted in the form of element
characteristic X-rays. The intensity of the X-rays is related to the number of emitted x-rays transitions,
and therewith the number of atoms of a certain element, and is represented on the y-axis of the EDX
spectrum. The intensity peak appears at the element specific energy level, shown on the x-axis, based
on which the different elements are recognized. A typical SiO, EDX spectrum is shown in figure 3.6.
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Figure 3.6: Typical EDX spectrum of SiOx. Spectrum obtained from [43].

As SiO,, is an insulating material, charge build-up will take place if the sample is not prepared
properly. To prevent charge build-up, the insulating SiO, surface is coated with a thin layer of a
conductive material.

3.2.5. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy, shortly FTIR, is technique used to reveal information about
the absorption of a material at a specific wavelength. The FTIR apparatus used in this study was one
of the type Nicolet 5700, equipped with a transmission accessory.

During a FTIR measurement, multiple frequency infrared light is shined at the sample. The molecules
in the sample interact with the light whereby characteristic molecular vibrations take place at a specific
wavelength, which are associated with a change in dipole moment. FTIR measurements will reveal
information about the type of bonds present and may be related to specific properties. For example,
the absence of the characteristic Si-H peak before hydrogenation and the presence of this peak after
hydrogenation may be associated with a successful hydrogenation process. In figure 3.7 normalized
FTIR spectra are shown of SiO, layers with oxide content (x) varying between 0.1 and 2 (stoichiometric
silicon dioxide). It should be clear that the peak position and the shape of the peak absorption are
affected by the mixing of the Si and O atoms. The more oxygen is incorporated in the SiO, layer (i.e.
the higher the value for x), the more pronounced the shoulder on 1150 cm~! becomes.

In advance of collection of the sample spectrum a background measurement is done. The back-
ground measurement contains contributions of the environment which do not represent the information
about the sample. For the FTIR measurements of the post-oxidised samples, a CZ n-type wafer with
symmetrically deposited tunnel oxide and 45 nm poly-Si was chosen as a reference sample. For the
FTIR measurements of the post-doped samples, a bare FZ n-type wafer was chosen as reference
sample.
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Figure 3.7: Normalized FTIR spectra of SiOx layers, showing that position and shape of absorption peak are dependent on
oxygen content. Image taken from [44].

3.2.6. X-ray Diffraction (XRD)

X-ray Diffraction, or shortly XRD, is a non-destructive technique based on interaction between monochro-
matic X-rays and atoms within the sample material. X-ray diffraction can be used to reveal information
about the crystal structure, chemical composition and physical properties of a sample. In this study
XRD will be used to determine the crystallinity of the sample. The scattered X-rays can either undergo
constructive or destructive interference, or a combination of both. This scattering process is known as
diffraction and is described by Bragg’s law, according to equation 3.6, shown below.

n = 2d X sin (0) (3.6)

In this formula n is an integer, d is the interplanar spacing between rows of similar atoms and 6
is the angle of the X-ray beam with respect to the atomic planes. Only the atoms which are fulfilling
Bragg’s law are in phase and will cause diffraction. If the atoms are arranged in a crystalline way, the
material has long range order and thus X-rays will be scattered in few directions leading to narrow
peaks. If, however, the atoms are arranged in an amorphous way, the material does not possess long
range order and thus X-rays will be scattered in many directions leading to wide range distribution.
Also, when more symmetry is present in the material, less peaks will be expected. So, when crystalline
silicon is present few sharp peaks are expected, whereas more (and broader) peaks are expected for
amorphous silicon (and silicon oxides). In this experiment both conventional and parallel beam XRD
has been applied. With the parallel geometry the sample position can be varied and thus varying
the distance between X-ray source and sample, as well as the distance between the sample and the
detector. Hereby the contribution of the thin film will be enlarged, but the detection limit is decreased.

Also, from XRD measurements it was possible to determine average grain size (d) by applying the
Scherrer equation, shown below in equation 3.7 [45].

kA

d= Bcos (0) (3.7)

In this equation, k is a constant=0.94, 21 the characteristic wavelength of the X-rays impinging on
the sample (1 =0.154nm), g is the full width at half-maximum of the diffraction peak and 6 is the
Bragg angle.
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3.2.7. X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a quantitative analysis technique which is used for surface
analysis (up to a depth of 5nm. A typical XPS setup is shown in figure 3.8. The technique is based
on the excitement and emittance of photoelectrons after bombarding the sample surface with Al-K,)
or Mg-K,) X-rays, in an ultra high vacuum environment (<5 x 10~ mbar). The energy of the emitted
photoelectrons is characteristic for a specific element. Subsequently the surface composition can be
calculated from the peak areas of the identified elements. In this research unmonochromatized Mg-K,
X-rays were used as a source which was operating at an acceleration voltage of 13kV and a power of
200W.
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Figure 3.8: Schematic view of XPS setup. Image taken from [46], based on [47].

3.2.8. Spectroscopic Ellipsomsetry (SE)

Spectroscopic ellipsometry is a measurement technique which uses polarized light to determine optical
properties and thickness of thin layers (several nm). The detector is able to measure a change in
polarization as light reflects from, or transmits through a material structure. The polarization change is
associated with a specific amplitude ratio (Psi, ) and phase difference (Delta, §). These parameters
can be related to optical properties and thickness of the measured sample. Besides the determina-
tion of optical properties and thickness, ellipsometry can also be applied to characterize other material
properties associated with a change in spectral response, such as crystallinity, roughness and doping
concentration. An important criterion for the created model is that it may not result into any unphys-
ical shapes of the optical constants. The index n (index of refraction) must increase toward shorter
wavelengths when a transparent material (extinction coefficient k=0) is analysed, whereas it must
decrease toward shorter wavelengths when a more opaque (stronger absorbing, k increases) mate-
rial is analysed. The optical constants of silicon are shown in figure 3.9, which meet these requirements.

In this study ellipsometry was used to get insight in the optical constants of the SiO, layer. First
a Cauchy model was applied to determine the thickness. The mathematical description of this model
can be found in the appendix. The model was validated by comparing the thickness value of the model
with the thickness estimated from the SEM cross-sections. Subsequently the thickness was set as
constant, and a model was made to determine the optical constants of the layer.
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Figure 3.9: Refractive index and extinction coefficient for silicon.
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3.2.9. Weighing Method to Calculate Oxygen Fraction

The oxygen fraction in the in-situ oxidised SiO, layers was determined by a weighing test. For each
in-situ SiO, growth recipe, four test samples were used to increase the reliability of the weighing
measurement. A SiN, layer was deposited on a test wafer by PECVD, to protect the silicon wafer
against oxidation during subsequent oxidation steps. After SiN, deposition, the test wafer was placed
in the same LPCVD tube and exposed to one of the in-situ SiO, growth recipes of the post-doping
tests. Finally, the SiO, layer was completely oxidised to stoichiometric SiO, at 1000 °C for 1 hour by
wet oxidation. The weight of the test sample was measured on a microbalance after each consecutive
deposition step (after SiN, SiO, and SiO,). The difference in weight between the stoichiometric (SiO,)
and substoichiometric (SiO,) oxide layers is completely due to oxygen incorporation. This gain in oxygen
incorporation is used to determine the oxide fraction in the SiO, layer. The contribution of silicon to the
weight of the layer is known (28 gmol~1), and the oxide fraction is known to be 16 gmol~! for every
oxygen atom incorporated. The oxide fraction (x) in the silicon oxide layer can be calculated by:

60 % Mgioy — Mwafser _ E (38)

X =— )
16 msio, — Mwaser 16
where mg;,, is the weight of the wafer after deposition of the SiOy layer, m,, 4. is the wafer after SiN,
deposition and mg;(, is the weight after complete oxidation of the SiO, layer. The complete derivation
of this equation is shown in the appendix.
In figure 3.10 a schematic overview is given to show how the layers are deposited on the wafer.

m, m, m,
CZ n-type Si CZ n-type Si CZ n-type Si

Figure 3.10: Samples used for each consecutive weight measurement. m, is the weight of the SiNx capped wafer, m, is the
weight of the SiOx layer on SiNy capped wafer, and m; is the weight of the completely oxidised SiO, layer on SiNy capped
wafer.



Post-Oxidation of LPCVD Doped
Poly-Si Using Dry and Wet Oxygen

In this chapter the reader will be provided with the results of the post-oxidation of poly-Si using dry
and wet oxygen. The results will be described in terms of material properties whereby information of
different analysis techniques is combined. As it became clear quite soon that dry oxidised samples were
less promising than wet oxidised samples in terms of lifetime, more experiments have been performed
on the wet oxidised samples.

4.1. Results

4.1.1. Minority Carrier Lifetime in Post-Oxidised Doped Poly-Si

In figure 4.1 the results of lifetime measurements for three different oxidation times and three different
starting thicknesses of the poly-Si layer are shown. It should be mentioned that the connections be-
tween the different measurement points are guidelines, but only the specific indicated oxidation times
were applied. If the poly-Si layer is thicker, the effective lifetime increases significantly. This is quite
an extreme effect: the lifetime in samples with poly-Si thickness of 25nm is about 2 ms, while with
poly-Si thickness of 65 nm the lifetime is already close to 8 ms. Also, the effect of SiNx hydrogenation
is stronger for thicker poly-Si layers. As one can see hardly any lifetime enhancement is observed
for 25nm poly-Si, whereas for poly-Si thickness of 45nm and 65nm an increase of at least 4ms is
observed. This improvement is, however, almost completely removed after firing.

For short and intermediate dry oxidation times, the initial charge carrier lifetime is comparable but
slightly higher than that of poly-Si for all thicknesses. For very long oxidation times, the lifetime is
reduced to close to 0 ms. Hydrogenation does have a small positive effect on the lifetime in the 45nm
and 65 nm dry oxidised samples. However, hydrogenation does not increase the lifetime for the 25nm
dry oxidised samples. After firing the lifetime of the minority charge carriers, is enhanced for all sam-
ples, which indicates a good firing stability.

After wet oxidation, the initial lifetime decreases already at short oxidation times. A noteworthy life-
time enhancement takes place after both hydrogenation and firing. The effect is relatively small for the
25 nm poly-Si wet oxidised samples, larger for the 45 nm poly-Si wet oxidised samples, and largest for
the 65 nm poly-Si wet oxidised samples. The lifetime in the 30 min wet oxidised 45 nm poly-Si sample
after hydrogenation and firing is increased with more than 6 ms. The lifetime in the 45 min wet oxidised
65 nm poly-Si sample after hydrogenation and firing is even increased with about 8 ms.

27
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Figure 4.1: (a) From left to right the graphs represent the minority carrier lifetimes of the dry oxidised 25 nm, 45nm and 65nm
samples. The lifetime after POCIl5, hydrogenation and firing is indicated by respectively blue, green and orange lines. (b) From
left to right the graphs show the minority carrier lifetimes of the wet oxidised 25nm, 45nm and 65 nm samples.

4.1.2. Doping Profile and Sheet Resistance (ECV and FPP)

Doping Profile

In figure 4.2 the phosphorus doping profile in the doped unoxidised poly-Si samples is shown. The
doping profile in these samples shows similar tail behaviour. The phosphorus concentration is found
to be constant at about 3 x 102° cm~3 until a certain depth, known as the plateau region. This con-
centration is equal to the phosphorus solubility limit in silicon for the temperature range of 800°C to
900 °C. After this region the phosphorus concentration decreases sharply because of the SiO, blocking
mechanism. The sharp decrease is followed by a tail, which can be related to the amount of in-diffusion
in the wafer. The higher the phosphorus concentration in this tail, the more in-diffusion has occurred.
The tail levels out to a phosphorus concentration which is equal to the known bulk concentration of
the wafer, approximately 1.5 x 10> cm3.

In figure 4.3a and 4.3b, the doping profile in the dry and wet oxidised 25 nm doped poly-Si samples
are respectively shown. As mentioned in the methodology section, it should be emphasized that the
SiO, layer was removed before ECV measurements were performed. Compared to the unoxidised 25 nm
poly-Si sample it is observed that the active phosphorus concentration in the poly-Si is decreased (from
approximately 5.0 x 1020cm3 to 2.7 x 102°cm3) in the 6 min and 16 min oxidised samples. After an
oxidation time of 108 min no plateau region is present, which indicates that the poly-Si is completely
oxidised. Also, a significant amount of in-diffusion takes place when poly-Si is completely oxidised.

The plateau region with a constant phosphorus concentration is not present for any of the wet
oxidised samples. Already for the shortest oxidation time, i.e. 6 min, the poly-Si is completely oxidised.
Furthermore, less in-diffusion takes place in the wet oxidised samples, compared to the dry oxidised
samples with similar initial poly-Si thickness. The longest wet oxidised sample, i.e. 45min, has the
largest amount of in-diffusion.
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Figure 4.2: Phosphorus concentration profile in as-deposited poly-Si samples. The solid line represents the 25 nm poly-Si
sample, the dashed line the 45 nm poly-Si sample and the dotted line the 65 nm poly-Si sample.

In figure 4.3c, shown below, the diffusion profile of the dry oxidised 45nm poly-Si samples are
shown. Similar behaviour as with the dry oxidised 25 nm poly-Si samples is observed. As it is desired
to completely oxidise the poly-Si layer and have no remaining poly-Si, the process times during oxidation
of 45 nm poly-Si were increased compared to the process times of 25 nm poly-Si. It should be noted that
a very small kink is still present for the 108 min oxidised sample, indicated by the green arrow, which is
also observed in previous studies. It is suggested that the tunnel oxide is still acting as blocking barrier
for phosphorus diffusion, but it is less effective as in short oxidised samples. It is not yet completely
understood how the tunnel oxide behaves, but it is assumed that the tunnel oxide is damaged when
oxidation times are increased. The tunnel oxide might damaged because of phosphorus pile up in front
of the tunnel oxide, whereby stresses are developed and act on the tunnel oxide. In figure 4.3d the
wet oxidised 45 nm poly-Si samples are presented. Again, the plateau region with constant phosphorus
concentration is disappearing after already short oxidation times. Besides the absence of the plateau
region, the doping profile of the wet oxidised samples is similar to the unoxidised 45 nm poly-Si sample.

The doping profiles of the dry oxidised 65 nm poly-Si samples show similar behaviour as the 45 nm
and 25nm dry oxidised poly-Si samples. The active phosphorus concentration does increase in the
absorber silicon layer upon increase in oxidation time. The graphical visualization can be found in
figures 4.3e and 4.3f. It is noticed that for these samples longer oxidation times are required to oxidise
the poly-Si completely compared to 25 nm and 45 nm poly-Si samples. Again, with exception of the

plateau region, not much difference is observed in the phosphorus profile between the wet oxidised
and unoxidised samples.
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(c) Doping profile of dry oxidised 45 nm poly-Si.
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Figure 4.3: Phosphorus doping profiles measured by ECV.
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Sheet Resistance

The sheet resistance values for the doped poly-Si samples are shown in figure 4.4 below. With increas-
ing poly-Si thickness the sheet resistance of the symmetrical samples decreased. An acceptable sheet
resistance of 176 Q/sq was measured for very thin poly-Si thickness.

250
1R 25 nm poly-Si
] R< 45 nm poly-Si
[C]Rs 65 nm poly-Si

200
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150 1

100 |

Sheet resistance (€V/sq)
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25 45 65
Thickness of poly-Si (nm)

Figure 4.4: Sheet resistance of as-deposited poly-Si samples.

The sheet resistance values after dry oxidation of the poly-Si samples are shown in figure 4.5 below.
The sheet resistance of the dry oxidised samples is decreasing upon an increase in oxidation time. The
effect is largest when the oxidation times are increased to 108 min. This behaviour was also analysed
with QSSPC, which showed a similar trend.

The sheet resistance values of the wet oxidised samples are represented in figures 4.8 and 4.9
below. The 25nm and 45 nm poly-Si wet oxidised samples first show an increase in sheet resistance
when oxidation time is increased, but upon further oxidation the sheet resistance is decreased. The
decrease in sheet resistance is observed after 45min. This behaviour is not observed for the 65nm
poly-Si sample where oxidation times up to 30 min result in an increase of sheet resistance.

The contribution of the silicon oxide to the sheet resistance is estimated by measuring the samples
sheet resistance with and without silicon oxide. The results of this experiment are shown for 25nm
dry oxidised and 25 nm wet oxidised in figure 4.10 and 4.11. Although the error in the measurements
was quite significant (especially in the wet oxidised samples), the error was constant for at least two
measurements. For example, the standard deviation for the 16 min dry oxidised 25 nm poly-Si sample
with and without was about 150, while for the 6 min wet oxidised sample the standard deviation was
about 100. The sample with a silicon oxide layer has lower resistance (better lateral conductivity) than
the sample without a silicon oxide layer (slightly worse lateral conductivity). The values of the sheet
resistance of the dry oxidised 25nm poly-Si samples remained in the same range before and after
removal of the oxide layer.
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4.1.3. Thickness (ECV, SEM, SE)
ECV

The thickness of the poly-Si layers is estimated from the doping profile measurements. As explained in
section 4.1.2 the thickness of the poly-Si layer is indicated by the depth of the plateau region. In figure
4.13 guidelines are indicated to show the thickness of all poly-Si layers. Table 4.1 shows information
about the expected thicknesses known from previous studies and the through ECV estimated thick-
nesses. Since deposition time is known, the growth rate on the polished CZ wafers was determined
to be 24nmmin~1, 28 nmmin~! and 2.7 nmmin~! for respectively 25nm, 45nm and 65nm. These
values are similar to the deposition rate of poly-Si on textured CZ wafers (2.8 nmmin~1).
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Figure 4.13: Doping profile in unoxidised poly-Si samples with guidelines for thickness estimation.

Table 4.1: Overview of expected thickness and estimated thickness by ECV.

| Expected thickness (nm) | Estimated thickness (nm) | Growth rate |

25 33 2.4

45 58 2.8

65 76 2.7
SEM

In figure 4.14 below, an SEM image of a 16 min dry oxidised 65 nm poly-Si sample is shown from which
the thickness of the SiO, and remaining poly-Si layer can be determined. The SiO, layer was estimated
to be on the order of 30 nm, and the remaining poly-Si thickness on the order of 80 nm. The thickness
of the remaining poly-Si layer is in agreement with the estimated thickness from ECV measurements,
which indicated a remaining poly-Si thickness of about 70 nm.

In figure 4.15 a cross-sectional SEM image is shown of a 65 nm poly-Si 45 min wet oxidised sample.
From this cross-sectional image several areas (layers) can be distinguished. The top layer is the SiO,
layer which has a thickness in the order of 200 nm. The layer below is the remaining poly-Si and has

a thickness of about 40 nm. The high brightness areas are due to charging of less conductive areas
(e.g. silicon tunnel oxide below the poly-Si layer.).
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Figure 4.14: SEM cross-section of 16 min dry oxidised Figure 4.15: SEM cross-section of 45 min wet oxidised
65 nm poly-Si sample. 65 nm poly-Si sample.

4.1.4. Oxide Content (EDX, XPS, FTIR)
Several methods have been used to determine the oxide fraction in the SiO,, layer. For the post-oxidised
samples EDX, XPS and FTIR measurements were performed to determine the oxide fraction.

EDX

In figure 4.16 the elemental distribution of the 30 min wet oxidised 45 nm poly-Si sample is shown. The
oxygen and silicon weight percentages in the sample are respectively 14.2% and 85.8%. The silicon
peak is caused by the absorber layer, the remaining poly-Si layer (confirmed by ECV results, see for
example figure 4.3c) and the silicon in the silicon oxide. It should be noted that the weight percentage
oxide is the fraction oxygen in the entire symmetrical sample. Three types of silicon are contributing
to this percentage, namely Si in the SiO; layer, Si from the poly-Si and Si present in the substrate layer.
With this technique it was possible to quickly confirm the presence of oxide, however exact composition
can not be determined.
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Figure 4.16: EDX spectrum showing the fractions of oxygen and silicon in 30 min wet oxidised 45 nm poly-Si sample.

XPS

In figure 4.17 the XPS spectrum of a 45min wet oxidised 65nm poly-Si sample is shown. Silicon is
responsible for the appearance of three peaks in this spectrum; around 99 eV, 103 eV (Si2p) and 150eV
(Si2s). These peaks may be attributed to the Si** state which is indicating the Si-O bond [48]. The
very small, though noteworthy peak, is present at 99 eV corresponds to the Si®* state which is related
to the presence of Si-Si bonds. Furthermore, a large peak exists around 530 eV (0O1s), that corresponds
to the Si-O bond [49]. From these peaks it was possible to calculate the surface composition. The
surface SiO, layer consists of 67% oxygen and 33% silicon, which means that stoichiometric SiO, is
developed during 45 min wet oxidation of 65 nm poly-Si.
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Figure 4.17: XPS spectrum of 45 min wet oxidised 65 nm poly-Si sample.

Fourier Transform Infrared Spectroscopy

The FTIR spectra of the 45nm poly-Si wet oxidised poly-Si samples are shown in figure 4.18. All
samples show obvious peaks at wavenumbers of about 1085cm~! and 830cm~!. The longer the
oxidation times, the larger these absorption peaks are. The peak at 830cm~! shows a small shift
towards lower wavenumbers when oxidation times are increased. Also, all samples show a shoulder at
about 1140 cm~!, which is characteristic for SiO,. The FTIR measurements confirmed the presence of
Si-O chemical bonds for all oxidation times.

With FTIR, the effect of hydrogenation was also determined. In figure 4.19 both an unhydrogenated
and hydrogenated wet oxidised 65nm poly-Si sample are shown. The hydrogenated sample shows
an extra small peak at 2250cm™!, attributed to Si-H stretching vibration, which is absent for the
unhydrogenated sample [50] [51].
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Figure 4.18: FTIR absorbance spectra of wet oxidised 45 nm poly-Si samples. An increase in oxidation time increases the Si-O
absorbance peak because of increased SiO, thickness.
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Figure 4.19: FTIR absorbance spectra of 30 min wet oxidised 65 nm poly-Si samples, before and after hydrogenation.
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4.1.5. Morphology and Crystallinity (SEM, XRD)

SEM

In figure 4.20 an SEM top view image of the doped 25 nm poly-Si sample is shown and in figure 4.21
an SEM top view of a 30 min wet oxidised 45 nm poly-Si sample is shown. It should be noticed that wet
oxidation does not affect the crystalline grain structure of the layer. This is a promising observation
since crystallinity is desired in order to develop properly conducting layers. The grain size in the
poly-Si sample is mostly smaller than 100 nm, whereas the grain size of the wet oxidised samples is
slightly increased to values around 100 nm. This is indicated by the red sticks in both figures. Also, an
increased amount of bright spots are visible in the wet oxidised sample compared to the 25 nm doped
poly-Si sample. As the bright spots are related to less conductive areas in the material, it confirms that
oxidation was successful and oxygen is incorporated into the poly-Si layer by formation of Si-O bonds.

) 1.00um
ECN 5.0kV 3.8mm x30.0k SE(M) 1.00um

Figure 4.21: SEM top view of 30 min wet oxidised 45nm

) . . + -
Figure 4.20: SEM top view of 25nm n™* poly-Si. poly-Si sample.

XRD

The X-ray Diffraction pattern of a 12min 45nm poly-Si wet oxidised sample is shown in figure 4.22
below. The Si (400) peak is completely caused by the substrate. The left XRD image shows the result
of the conventional XRD measurements, where the right XRD image shows the result of the parallel
beam XRD. Depending on the type of XRD technique applied, the silicon(oxide) peaks may be shifted.
In the appendix the datasheets are added that provide information about the silicon and silicon oxide
patterns for each technique. The black pattern is corresponding to the X-ray response of the analysed
sample. The red and blue sticks indicate, respectively, the characteristic peak positions of poly-Si and
silicon oxide. The relatively large and wide black peaks in the left image are due to the (400) oriented
substrate reflections. In the right image the background was subtracted and showed that mainly poly-
Si was present with orientation. The cubic structure of SiO is less symmetric than of Si and some extra
small peaks might be present (260 = 32.8°, 26 = 58.6°, 20 = 78.4°) but were not found. From the
XRD spectra it was also possible to give an estimation of the grain size (Scherrer equation) and was
calculated to be in the order of 30 nm. Please note that this is the grain size of the poly-Si grains, since
no contribution of silicon oxide was found.
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Figure 4.22: XRD spectrum of wet oxidised 45nm poly-Si Figure 4.23: XRD spectrum of wet oxidised 45 nm poly-Si
sample, measured in conventional mode. sample, measured by parallel beam.

4.2. Discussion

The initial poly-Si thicknesses were assumed to be 25nm, 45nm and 65 nm based on known proce-
dures. However, from ECV measurements the thicknesses were estimated to be respectively 33 nm,
58 nm and 76 nm. To be consistent with the previous sections, in the remainder of the thesis the as-
sumed poly-Si thicknesses are used to refer to certain samples. First the observations for unoxidised
samples will be discussed, followed by the observations for dry oxidised samples and subsequently the
observations for wet oxidised samples.

4.2.1. As-Deposited Poly-Si Samples

Taking into account both the lifetime results and the phosphorus profiles of the poly-Si layers, the
observed trend in minority carrier lifetime as a result of poly-Si thickness could be related to the field-
effect. The chemical (surface) passivation at the interface is most likely not thickness dependent,
because it is based on hydrogenated SiO, passivation of the same thermal oxide. However, the field-
effect passivation is reduced when the poly-Si layer is thinner (absolute amount of active dopants
is reduced). Moreover, the ECV results demonstrated that a comparable amount of in-diffusion has
taken place in all poly-Si samples, which excludes a possible explanation of excessive doping in the
silicon wafer in less thick poly-Si samples. Because ECV showed equal in-diffusion in the samples,
Auger recombination has equal contribution in all samples with different poly-Si thickness. Thus, most
likely the passivation quality is enhanced when the poly-Si thickness is increased, due to the field effect.

SiN,, capping of these layers gave a significant increase in lifetime, but after firing of the poly-Si samples,
the minority carrier lifetime was reduced again to nearly the initial level. During firing hydrogen gets
untrapped from the dangling bonds and diffuses through the poly-Si into the environment, whereby
hydrogen passivation is reduced. As out-diffusion of hydrogen occurs during firing of poly-Si, unoxi-
dised poly-Si samples are not firing stable [52].

The sheet resistance of the samples with unoxidised doped poly-Si layers show acceptable values
in order to be applicable as passivating contact layer. Although out of scope of this research, it is in-
teresting to investigate the implementation of these thinner poly-Si layers in, for example, the PERPoly
solar cell.

4.2.2. Dry Oxidised Poly-Si Samples

The phosphorus concentration profile in the dry oxidised poly-Si samples shows that a significant
amount of in-diffusion occurs. This indicates that phosphorus prefers to diffuse into the substrate
layer, instead of diffusing to interstitial sites in the poly-Si or to the SiO, layer. From previous studies
it is known that in-diffusion results in an excess of dopants in the wafer, which causes an increase in
Auger recombination [53]. The increase in Auger recombination reduces the minority carrier lifetime,
which was confirmed by the QSSPC measurements. Also, it is worthwile to note that the P-Si bond is
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shorter than the Si-Si bond, which induces local deformations upon phosphorus incorporation [54]. If
high phosphorus concentrations are present this will affect the passivation quality of the SiO, layer, as
defects increase Shockley-Read-Hall recombination. High concentration of phosphorus in the poly-Si
causes both Auger and SRH recombination, which mostly leads to parasitic absorption, but not to a
decrease in the effective lifetime measured with the QSSPC tool.

After short dry oxidation times of every poly-Si sample only a small amount of in-diffusion is observed,
which leads to an improvement in minority carrier lifetime. However, after long dry oxidation times an
excess of dopants is in-diffused which has a detrimental effect on the minority carrier lifetime. Possi-
bly, a small additional drive-in compensates for the lack of phosphorus doped region due to the poly-Si
layer being too thin (lower absolute electrical active phosphorus concentration compared to thick poly-
Si layers). If a small amount of phosphorus diffuses into the silicon wafer, the doped poly-Si region
is slightly extended with the highly doped silicon wafer. A thicker doped layer enhances the minority
carrier lifetime, as long as it is not balanced out by an increase in Auger recombination. The lifetime in
the short oxidised 25 nm poly-Si layer could therefore possibly be enhanced to the level of the 45nm
poly-Si layer. The same behaviour is observed in the 45nm and 65 nm dry oxidised samples. If the
oxidation times for dry oxidation are increased to a certain transition value, the phosphorus profile
does not show the kink-tail diffusion profiles anymore. The poly-Si is then completely oxidised and the
phosphorus is driven into the substrate wafer.

The increase in lifetime after hydrogenation of the 45 nm and 65 nm poly-Si short dry oxidised sam-
ples may be due to hydrogen atoms trapped at the silicon surface (dangling bonds). The increased
minority carrier lifetimes are ascribed mainly to hydrogen termination of silicon dangling bonds at the
surface. Furthermore, SiN, can induce additional field-effect passivation, because of its high positive
fixed charge density of the order of 1011 cm~2 [55]. In contrast, after hydrogenation of the 25 nm dry
oxidised poly-Si layer the lifetime is reduced. Only if hydrogenation leads to a reduction of defects (e.g.
hydrogen trapped at dangling bonds), the hydrogenation will enhance surface passivation. Although
not accurately determined, the SiO, layers must result in similar thickness for the same oxidation time.
So, the only difference between the different dry oxidised samples is the remaining poly-Si thickness.
Based on this knowledge, it is suggested that a minimum remaining poly-Si thickness is required for
effective hydrogenation of dry oxidised samples. If the remaining poly-Si thickness is less than approx-
imately 30 nm the hydrogen will more easily diffuse to the environment, because of a smaller diffusion
barrier compared to thicker poly-Si layers, that are present for shorter oxidation times or thicker start-
ing poly-Si layers.

After firing of the dry oxidised samples, the minority carrier lifetime remained stable or even slightly
increased. The oxide layer on top of the poly-Si probably acts as a blocking layer, so that the hydro-
gen remains trapped at the surface and out-diffusion is minimized. Therefore, in dry oxidised samples
hydrogen passivation remains active, while the hydrogen may diffuse out for the poly-Si layers during
firing. Another suggestion is that the hydrogen can decrease the defect density in the silicon oxide
layer. For example, non-bridging oxygen hole centers (NBOHCs) may be present which are prone sites
for hydrogen trapping [56]. This reduces the amount of defects in the silicon oxide layer and thus
reduces SRH recombination. The minority carrier lifetime improvement seems more pronounced in
wet oxidised samples, compared to dry oxidised samples, because of its more porous structure. The
more porous wet oxidised structure contains more non-bridging oxygen hole centres than the dense
dry oxidised structure which can be terminated by hydrogen during the firing step. Herewith, hydrogen
may provide an additional very efficient passivation of defects in the SiO, layer.

The sheet resistance values of the dry oxidised samples tends to decrease with oxidation times. If
the symmetrical samples are exposed to elevated temperatures (900 °C) for a longer period, most
likely inactive phosphorus diffuses from the poly-Si towards active sites in unsaturated regions deeper
in the wafer causing an increase in lateral conductivity. Also, the SiO, layer may form a capping layer
which acts as barrier for phosphorus out-diffusion. It becomes energetically favourable for phosphorus
to diffuse in the wafer.
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4.2.3. Wet Oxidised Poly-Si Samples

Wet oxidised poly-Si samples showed a decrease in minority carrier lifetime upon oxidation time. In
contrast to the dry oxidised samples, in the wet oxidised samples the minority carrier lifetime was
significantly increased after hydrogenation and firing. If no in-diffusion took place at the firing step,
the firing of the wet oxidised samples significantly enhanced the minority carrier lifetime. For 12 min
wet oxidation of 45 nm poly-Si and 30 min wet oxidation of 65 nm poly-Si firing has much less effect
on the minority carrier lifetime, compared to firing of other wet oxidised samples. For these samples
the minority carrier lifetime was already quite close to the maximum value. If the hydrogen is already
terminated at most dangling bonds during the hydrogenation step, firing does not enhance hydrogen
passivation. The reason why hydrogen already is trapped at most dangling bonds for these samples
directly after hydrogenation remains unknown. It is out of scope of this study to investigate this be-
haviour in detail.

The amount of phosphorus in-diffusion taking place in the 25 nm wet oxidised samples is small com-
pared to the in-diffusion taking place in the 25nm dry oxidised samples. Besides the 25nm wet
oxidised samples, no in-diffusion takes place in the 45nm and 65 nm wet oxidised samples. The fact
that in-diffusion does not occur in wet oxidation is explained by thermodynamics and kinetics. The dry
oxidation process occurs at higher temperatures than the wet oxidation process (900 °C and 800 °C) and
thus more in-diffusion of phosphorus takes place, compared to the wet oxidation process, in the same
amount of time. However, since still some in-diffusion takes place for these samples upon increasing
the oxidation time, the excessive dopant concentrations causes increased Auger recombination. This
explains the decrease in minority carrier lifetime in observed in 25 nm wet oxidised samples.

The sheet resistance values of the 25 nm and 45 nm poly-Si wet oxidised samples increase with short
oxidation times. The sheet resistance values of the 65 nm poly-Si wet oxidised sample do not show
a reduction in sheet resistance when oxidation times are increased to 45 nm. Increased thickness of
poly-Si most likely require longer oxidation times to cause similar type of in-diffusion as is observed for
the 25 nm and 45 nm poly-Si.

It was expected that a phosphorus peak was present at 130eV in the XPS spectrum of 45 min wet
oxidised 65 nm, caused by Si-P bonds. Due to relatively low phoshporus concentrations the signal is
weak and due to the plasmon loss peak of Si 2p photoelectrons the P 2p peak is overlapped. By in-
creasing the dwell time it will be possible to detect the P 2p peak and thus indicate whether Si-P bonds
are created [57].
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4.3. Conclusion

The research question that can be answered after this experiment is: Is post-oxidation of doped poly-
Si a successful method to produce doped SiO, layers? The question will first be answered for the
dry-oxidised samples, after which the question will be answered for the wet-oxidised samples. For
both oxidation methods, the obtained silicon oxide was close to stoichiometric and thus significantly
enhances the transparency compared to current used emitter layers (such as poly-Si).

The following conclusions can be drawn for the dry oxidised samples:

 Dry oxidation of doped poly-Si at 900 °C causes too much in-diffusion, leading to Auger recombi-
nation and thus low minority carrier lifetimes.

¢ The high minority carrier lifetimes (>8 ms) in the symmetrical samples were caused by the pres-
ence of remaining poly-Si.

» Dry oxidation of doped poly-Si does not result in phosphorus incorporation in the SiO, layers.
¢ SiO, layer obtained by dry oxidation are firing stable.

Overall, post-oxidation of doped poly-Si by means of dry oxidation is not a promising route to produce
doped SiO, layers.

The following conclusions can be drawn for the wet oxidised samples:
e Wet oxidation of doped poly-Si at 800 °C shows excellent minority carrier lifetime (>10ms).
* Wet oxidation of doped poly-Si results in phosphorus incorporation in the SiO,.

¢ Firing enhances the minority carrier lifetimes, most likely because of activation of hydrogen pas-
sivation in SiOy.

» The lateral conductivity needs to be enhanced by addition of conductive layers.

Overall, post-oxidation of doped poly-Si by means of wet oxidation seems a promising route to produce
doped SiO,, layers, however some improvements are necessary to be applicable as passivating contact
layer.






Post-Doping of LPCVD Poly-SiO.

This chapter describes the results of the post doping experiment, in which poly-SiO,, layers, grown by
in-situ oxidation in the LPCVD furnace, are doped using a POCl; treatment. The results in terms of
both the structural characterization methods (SEM, FTIR, SE and XRD) and electrical characterization
(ECV, QSSPC, Sherescan and PL) methods, are described here.

5.1. Results

5.1.1. Minority Carrier Lifetime in Post-Doped Poly-SiO,

In figure 5.1 the results of the minority carrier lifetime measurements for different N,O/SiH, ratios
and different oxidation times are shown (left and right). Both of the graphs, for 90 min and 120 min
deposition times, display a slight increase in initial minority carrier lifetime as a function of increasing
N,0O/SiH, ratio (before hydrogenation). The SiN:H hydrogenation step improves the minority carrier
lifetimes slightly. The minority carrier lifetime in silicon oxide layers obtained by higher gas flow ratios
is slightly more improved by hydrogenation than in silicon oxide layers obtained by low gas flow ratios.
A significant increase in minority carrier lifetime can be observed after the firing step, showing an
excellent firing improvement. The effect of increase in minority carrier lifetime after firing is the largest
in the samples that were deposited by largest N,O/SiH, flow. The effect of an increase in deposition
time can be clearly seen, when the N,O/SiH,4 ratio is kept constant. If this gas flow ratio is kept
constant, but deposition time is increased, the minority carrier lifetime is significantly decreased. In
all cases an increase in deposition time from 90 min to 120 min is always detrimental for the minority
carrier lifetime. When the N,0O/SiH, ratio is increased from 0.33 to 0.58 the minority carrier lifetime is
increased, whereas this enhancement deteriorates when deposition times are increased from 90 min
to 120 min.
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Figure 5.1: Minority carrier lifetime in the post-doped symmetrical samples. In the left graph the minority carrier lifetime of the
90 min samples are shown and in the right graph the minority carrier lifetime of the 120 min samples.
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5.1.2. Doping Profile and Sheet Resistance(ECV and FPP)

Doping Profile

As with the post-oxidised samples, also for post-doped SiO, layers, ECV measurements were done
in order to obtain information about the phosphorus in-diffusion. One test sample was prepared by
30 min deposition with 0.33 gas flow ratio. The result of the ECV measurement after doping of this
sample is shown in figure 5.2a. Please note that prior to the ECV measurement, the SiO, layer was
removed. This ECV measurement shows that the phosphorus diffuses easily through the SiO, layer
and into the wafer. Surprisingly, a plateau-like region is formed at the surface of the sample. In figures
5.2a and 5.2b the phosphorus concentration profile of the samples with varying deposition times, but
constant N,O/SiH, ratio, of respectively 0.33 and 0.42 are shown. The most clear observation is that
SiO, layers deposited in 120 min with a gas flow ratio of 0.33 and 0.42 show some sort of kink- and tail
profile. A deposition time of 90 min results in a constant phosphorus doping profile with a phosphorus
concentration of about 5 x 1014 cm=3 (substrate level). For a deposition time of 120 min the phosphorus
concentration is higher level at the surface, but decreases rapidly in 25 nm to the same level as the SiO,
sample with 90 min deposition time. Down to a depth of about 10 nm an increase in active phosphorus
concentration is observed for the 120 min sample. At larger depths the phosphorus concentration
decreases again to a level equal to the bulk concentration. The phosphorus concentration in the
90 min deposited sample has an almost constant level of about 5 x 101*cm~3 (equal to the substrate
phosphorus concentration). Please note that the measurements were stopped when the phosphorus
concentration remained constant. The phosphorus concentration stopped changing when depths of
about 100 nm were reached by the etching liquid, after which the measurements were stopped.

In figure 5.2c and 5.2d the phosphorus concentration in the samples with gas flow ratios, of 0.50
and 0.58 respectively, and for both 90 min and 120 min is shown. The phosphorus profiles for both
ratios show similar behaviour. The phosphorus concentration is slightly higher at the surface than at
increased depths. Although small, the increase in phosphorus concentration at the surface is interesting
to notice. It indicates a small amount of in-diffusion after doping of the in-situ oxidised samples. The
phosphorus concentration in the SiO, layer deposited by a gas flow ratio of 0.50 shows a similar profile
as in the samples which were deposited with a 0.58 ratio. A slightly higher concentration is observed at
the surface, which is gradually decreasing up to a level equal to the substrate phosphorus concentration.
Again, this may be attributed to a small amount of in-diffusion in the wafer.

Sheet Resistance

Sheet resistance measurements of the post-doped SiO,, layers did not show good results, because of
too high contact resistance. The oxygen incorporation in the silicon during deposition, is responsible
for a large insulating fraction. In order to successfully measure the sheet resistance in the post-doped
SiO, layers, the conductivity needs to be enhanced significantly.
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Figure 5.2: Doping profile in silicon wafer to show amount of in diffusion after doping of the SiOx layers obtained by four
different gas flow ratios. The green solid line represents the 30 min sample, the red solid line represents the 90 min sample and
the black solid line the 120 min sample.
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5.1.3. Thickness Determination by SEM and SE

Thickness Determination by SEM

The thickness of the deposited SiO, layers by means of in-situ oxidation was estimated from SEM
images. The thickness of a hydrogenated sample, deposited in 90 min and using 0.58 gas flow, is
shown in figure 5.3, deposited in 90 min. The top layer is about 75 nm SiN:H. The SiO, layer underneath
the SiN:H layer is shown to be in the order of 45nm. From this thickness estimation it is possible to
indicate the growth rate of samples deposited by a ratio of 0.58, which is about 0.51 nm min~1.

Surface of sample

Figure 5.3: SEM cross-section of hydrogenated in-situ deposited sample, with thickness indication of the deposited layers. The
applied gas flow ratio was N,O/SiH4=0.58 for 90 min.

Thickness Determination by SE

From ellipsometry modelling it was also possible to give an estimation of the SiO, layer thicknesses.
The thickness of the SiO, layers was estimated for all ratios and the results are shown in 5.15. The
SiO, layers deposited in 90 min showed thicknesses in the range of 96 nm to 50 nm and the SiO, layers
deposited in 120 min showed thicknesses in the range of 67 nm to 150 nm. Clearly, the N,O/SiH,4 ratio
has an influence on the growth rate. An increase in N,O decreases the deposition rate of the SiO,
layer.
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Figure 5.4: Graphical view of the thickness as function of the deposition time. Data obtained by ellipsometry modelling.
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5.1.4. Oxygen Content Determination by XPS, FTIR, EDX and Weighing Method-

ology
The sections below contain the different measurement techniques that revealed information about the

thickness of the silicon oxide layers, and are discussed in order of reliability (starting with the most
reliable technique).

Oxygen Content Determination by XPS

The oxygen content in the samples that were deposited at a N,O/SiH,4 ratio of 0.58 was determined
by XPS for both 90 min and 120 min deposition times. The corresponding XPS spectra are shown in
figure 5.5 and 5.6. The oxygen content at the surface of the SiO, layer is calculated to be 57.3% for
the sample deposited in 90 min. The oxygen content of the SiO, layer which was deposited in 120 min
was calculated to be 56.5%. So, as expected the deposition time did not change the oxygen content
in the samples. Unfortunately it was not possible to also perform measurements on the SiO, layers
deposited at different ratios, so it is not possible to show the effect of N,O/SiH, ratio on the oxygen
content by means of XPS.

_
Figure 5.5: XPS spectrum of SiOx layer deposited in Figure 5.6: XPS spectrum of SiOy layer deposited in
90 min using a gas flow ratio of 0.58. 120 min using a gas flow ratio of 0.58.

Oxygen Content Determination by FTIR

In figures 5.7 and figure 5.8 the FTIR spectra of symmetrical samples with SiO, layers deposited
by varying flow ratios in 90min and 120 min respectively . All samples show the characteristic Si-
O transverse optic stretching vibration peak at wavenumber 1056 cm~! and Si-O bending modes at
wavenumber 800 cm~! [58]. Furthermore, a peak is formed around 880 cm~! that can be attributed to
Si,05 [59]. The absorbance peaks of Si-O around 1056 cm~! increase for longer deposition times and
decreases when the gas flow ratio is increased. Also, the peak intensities at wavenumber of 800 cm~1
and 880cm~! slightly decrease when gas flow ratios are increased. The last noteworthy observation
to mention is the different shape of absorbance peak of the 0.33 samples compared to other gas flow
ratios. A small peak shift of the Si-O stretching bond towards higher wavenumbers is observed. This
shift is attributed to the increased thickness. In the appendix, an FTIR figure is attached which confirms
that no difference in shoulder is present between the samples.

Oxygen Content Determination by EDX

In figure 5.9 and 5.10 the elemental distribution in the in-situ oxidation samples is shown. The oxygen
weight percentage in the sample with smallest N,O/SiH,4 ratio is 9.8%, whereas the oxygen weight
percentage in the sample with largest N,O/SiH, ratio is 4.6%. It should be noted that the elemental
distribution has only be measured at one spot, and thus might be slightly different at another spot.
Besides the characteristic Si and O peaks at, a small peak at 0eV is present, which may be attributed
to the noise of the electronics of the detector.

Oxygen Content Determination by Weighing Method

The oxide fraction in the SiO, layers obtained by the weighing method, is shown in table 5.1 for different
N,0O/SiH,4 ratios. The percentage of oxygen within the sample varied between 34% and 43%. From
this table, two trends are clear. First, it is shown that the oxygen content seems hardly affected with
increasing N,O/SiH,4 ratio for the same deposition time. Th oxygen content in the samples where the
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Figure 5.9: EDX spectrum showing elemental

composition of sample with SiOx layer deposited in

120 min by 0.33 flow ratio.
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Figure 5.10: EDX spectrum showing elemental
composition of sample with SiOx layer deposited in
120 min by 0.58 flow ratio.

SiO, layer was deposited in 90 min, was 42% for all N,O/SiH,4 ratios, except for a gas flow of 0.50 for
which the oxygen content was 34%. Second, for constant gas flow ratios and increasing deposition
times (90 min to 120 min) the oxygen content increases.

This experiment also showed, with some uncertainty, that the oxygen content in the SiO, layers
obtained by the 0.50 gas flow ratio was varying between 33% and 39% for respectively 90 min and
120 min deposition times. The oxygen content in the SiO, layers obtained by the other three gas flow
ratios showed more constant oxygen content varying between 42% and 45%.

Table 5.1: Oxygen content in the SiOy layers determined by the weighing methodology.

| NO/SiH,4 || Deposition time (min) | Stoichiometry | Oxygen fraction(%) |

0.33 90 SiOg.79 42
0.33 120 SiOg g1 45
0.42 90 Si0g 71 42
0.42 120 SiOg g0 44
0.50 90 SiOg 59 34
0.50 120 SiOg 65 39
0.58 90 Si0g.71 42
0.58 120 SiOyg 76 43
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5.1.5. Morphology and Crystallinity by XRD and SEM

X-ray Diffraction

The X-ray Diffraction pattern of a SiO, layer deposited in 30 min by a gas flow ratio of 0.42 is shown
in figure 5.11. In the appendix the datasheets are added to provide information about the silicon and
silicon oxide patterns for each technique. The black pattern is corresponding to the X-ray response of
the analysed sample. The red and blue sticks indicate, respectively, the characteristic peak positions
of poly-Si and silicon oxide. The relatively large and wide black peaks in the left image are due to the
(400) oriented substrate reflections. In the right image the background was subtracted and showed
that mainly poly-Si was present with orientation. The cubic structure of SiO is less symmetric than of Si
and some extra small peaks might be present (20 = 32.8°, 26 = 58.6°, 20 = 78.4°) but were not found.
The grain size of silicon in the silicon oxide was tried to be found. By applying Scherrer’s equation,
infinitely large grain size was found. The grain size in poly-SiO, is not expected to be “infinitely” large.
The contribution of the monocrystalline wafer is dominating the contribution of the silicon oxide layer.
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Figure 5.11: Parallel beam XRD spectrum of SiOy layer Figure 5.12: Conventional XRD spectrum of SiOyx layer
deposited in 30 min by gas flow ratio of 0.42. deposited in 30 min by gas flow ratio of 0.42.

SEM

In figures 5.13 and 5.14 SEM top view images are shown of respectively the 0.33 and 0.58 flow ratios.
In both figures crystalline phases and amorphous phases can be distinguished, the amorphous parts
are indicated by red arrows for clearance. The grains in the SiO, layer deposited by the lowest N,O/SiH,4
flow ratio are larger than those in the layer deposited by the largest N,O/SiH, flow ratio. Also, the SiO,
layer obtained by using the lowest N,O/SiH,4 flow ratio shows a lower fraction of amorphous regions
when compared to the SiO, layer obtained by using the largest N,O/SiH,4, because no dark spots are
visible.

ECN 5.0kV 3.7mm x30.0k SE(M) ECN 5.0kV 3.5mm x30.0k SE(M)

Figure 5.13: SEM top view of SiOx layer developed after Figure 5.14: SEM top view of SiOx layer developed after
120 min deposition of 0.33 N,O/SiH,. 120 min deposition of 0.58 N,O/SiH,.
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5.2. Optical Constants Determination by SE

The ellipsometry modelling also determined the optical constants n and k of the SiO, layer. The
modelling was done for all different ratios and resulted in similar ranges of values for the refractive
index and extinction coefficient. In figure 5.15 the refractive indices and extinction coefficients of
all different ratios are shown. The values are given for the visible solar spectrum and a part of the
infrared spectrum (400 nm to 700 nm and 700 nm to 1000 nm). The refractive index was shown, with
a mean square error of 10-20, to be in the range of the refractive index of SizN4 [21]. With respect to
application as anti-reflective coating, this is a promising result. The ellipsometry data suggests that the
samples with lower gas flow ratio are less oxygen rich and have higher n and k, than the samples with
higher gas flow ratio. This is expected, however, it is in contradiction with the results on the oxygen
content.
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Figure 5.15: Refractive index and extinction coefficient values taken at 1000 nm.
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5.3. Discussion

The post-doped SiO, layers developed by means of in-situ LPCVD growth, were characterized in terms
of minority carrier lifetime, doping profile, thickness, oxygen content and refractive index. To explain
the observed behaviour of the silicon oxide layers, the information of the characterization measure-
ments will be combined. First the thickness and oxygen content will be discussed, which will be linked
to the minority carrier lifetime and doping profile.

The thickness was estimated by ellipsometry modelling. It was obtained that the thickness increased
with the deposition time, but decreased with gas flow ratio. The SEM cross-section confirmed similar
thickness values, as obtained by the model, for the SiO, layer deposited in 90 min using a gas flow ratio
of 0.58. Both thickness estimations were in the order of 50 nm. As similar oxide layers obtained, it may
be assumed that the model is also valid, with some error, for the other silicon oxide layers. A higher
fraction of N,O inhibits the deposition which is also found by Hitchman [60]. The N,O is adsorbed at
the surface and acts as blocking sites for the poly-Si growth. Da Silva et al. also found that the growth
rate increases with increase in gas flow ratio [38].

It was expected that higher N,O fraction results in higher oxygen content. The EDX measurement
indicated that higher oxygen content was measured in SiO, layers obtained by low N,O fraction com-
pared to SiO, layers obtained by high N,O fraction. This is attributed to an increased oxide thickness
and not to an increase in oxygen fraction, since growth rate is increased with lower gas flow ratio. This
is in agreement with the observations of FTIR, where a change in gas flow ratio did not result in a
change of the Si-O vibration.

For both deposition times it was observed that the minority carrier lifetime in the post-doped sam-
ples increases with increasing N,O/SiH, ratios (before hydrogenation and firing). The increase of gas
flow ratio results in thinner silicon oxide layers with smaller grain size. This combination of properties
is beneficial for the minority carrier lifetime. The smaller grain size is beneficial because this will ease
phosphorus doping compared to the samples with larger grain sizes, because the phosphorus diffu-
sion coefficient along grain boundaries in silicon is 8000 times larger than the bulk diffusion coefficient
[61]. A higher doping level in silicon oxide enhances the minority carrier transport and thus increases
minority carrier lifetime. Also, SEM revealed that larger amorphous fraction is present in the samples
deposited by exposure to the largest gas flow ratio. The amorphous fraction is not desired since this
is known to decrease the conductivity and should be reduced [11].

Hydrogenation enhances the minority carrier lifetime in all samples because of the earlier discussed
hydrogen passivation at interface of SiO, and the silicon wafer. The positive hydrogenation effect be-
comes more pronounced in the 120 min upon an increase in gas flow ratio. Itis suggested thatin thinner
and more amorphous SiO, layers, hydrogen can diffuse more easily from SiN:H through the SiO, layer
and gets trapped at the dangling bonds at the interface of the silicon oxide and silicon wafer. During
firing, the hydrogen which still is in the SiN:H layer, gets released and diffuses to the SiO, |Si interface.
As the firing effect is so extreme, it is suggested that not only hydrogen passivation at the interface,
but also hydrogenation in bulk is contributing to the increase in minority carrier lifetime (reducing SRH).

The phosphorus concentration profile of the SiO, layer deposited in 30 min with gas ratio of 0.33
showed a curve similar to that of poly-Si [62]. It is suggested that first poly-Si is grown, before oxi-
dation can take place. The deposition time of 30 min is too short to oxidise the poly-Si completely and
thus some poly-Si is remained. Complete in-diffusion is observed, which is explained by a combination
of high temperature during the doping process and relatively thin layer. This greatly enhances the
diffusion of phosphorus to the silicon wafer. It is also suggested that longer deposition times are re-
quired in order to activate the oxidation by N,O. Most surprisingly, the SiO, layers deposited in 120 min
with a gas flow ratio of 0.33 and 0.42 show some sort of kink- and tail profile. This indicates that the
phosphorus can diffuse through the silicon oxide into the wafer, probably by the interstitial (kick-out)
mechanism, as it is located at electrical active sites.

This is in agreement with doping profiles in the samples deposited in 90 min and 120 min, where no
plateau region and in-diffusion is observed. There are two suggestions for the fact that no in-diffusion
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has taken place in these samples. One suggestion is that phosphorus is only present in the silicon oxide
layer and the second suggestion is that phosphorus did not enter the silicon oxide. However, since
the phosphorus diffuses into the silicon wafer in the 30 min sample, it is suggested that the second
suggestion is less probable.

The oxygen content determined by the weighing method does not show similar trends as was ob-
served by EDX and FTIR measurements. It was expected that the oxygen content does not change
with deposition time, but with gas flow ratio. However, the oxygen fraction in the SiO, layers is, ac-
cording to the weighing method calculation, increased when longer deposition times are applied and
remained more or less constant with increase in gas flow ratio. It is suggested that the SiN, capping
layer is not protecting the silicon wafer from oxidation. Therefore, also oxygen in the silicon wafer is
contributing to the calculated oxygen fraction. The oxygen fractions are similar for all different ratios
and only a function of deposition time.

It is expected that an increase in deposition time does not effect the composition in the SiO,. The
FTIR spectra of SiOy layers deposited in 120 min showed higher absorbance peaks than the FTIR spec-
tra of SiO, layers deposited in 90 min, indicating a larger amount of Si-O bonds. However, the shape
of the FTIR spectra did not change with deposition time, which indicates that the oxygen content is
the same for both deposition times. Furthermore, it is expected that upon increasing the N,O flow, the
oxygen content increases accordingly. However, no real change in shape of FTIR spectra is observed
for SiO,, layers obtained with different gas flow ratio. If the gas flow N,O/SiH, is increased, the Si-O
stretch vibration peak is decreased due to decreased thickness.
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5.4. Conclusion

The research question which can be answered after this experiment is: Is post-doping of in situ oxidised
SiO,. layers a successful method to produce doped SiO, layers? The conclusions which can be drawn
from this experiment are the following:

Promising minority carrier lifetimes are observed in the SiO, layers obtained by largest N,O/SiH,4
ratio and shortest deposition time (>4 ms after firing).

Hydrogenation enhances the passivation quality in all SiO;, layers.

Firing enhances the passivation quality in all SiO, layers and had greatest effect on the SiO,, layers
obtained by largest N,O/SiH,.

Substoichiometric SiO, layers were formed by in-situ oxidation.

The refractive index of the SiO, varied between 1.96-2.51, which makes the layer a promising
candidate as passivating contact layer with extra anti-reflection function.

The SiO, layers deposited in 90 min by gas flow ratio of 0.58 in this experiment seems the most
promising for application in passivating contacts.






Conclusion and Future
Recommendations

Based on the outcomes of the previous chapters, a complete conclusion on the research will be drawn
in this chapter followed by an outlook of future work.

6.1. Conclusion

In this work, two different routes to fabricate doped silicon oxide layers were investigated. Throughout
this exploratory research, material properties of SiO, layers were linked to its passivation behaviour
and a lot of insight was gained into which techniques are suitable to characterize SiO, layers.

The most promising post-oxidation route is based on wet oxidation. Excellent minority carrier lifetimes
(>10ms, after firing) were obtained in wet oxidised 65nm poly-Si samples. Sheet resistance mea-
surements showed that phosphorus is most likely electrically active in the silicon oxide layer. Also,
in-diffusion was kept to a minimum. The silicon oxide layers were furthermore proven to be firing sta-
ble in terms of minority carrier lifetime. The hydrogen passivation was most likely enhanced because
of the SiO, capping layer effect. These are promising results in terms of selectivity and passivation.
Dry oxidation of the post-oxidation at 900 °C did not result in a promising substitute for current exist-
ing passivation layers. Phosphorus atoms were not incorporated in the silicon oxide layer, but mainly
in-diffused to the silicon wafer leading to Auger recombination.

The passivation quality of the post-doped silicon oxide layers was shown to be good enough for future
applicability as passivating contact layer (>4 ms after firing). The increase in gas flow ratio results in
SiO, layers with comparable oxygen content, but with different thicknesses. Firing of the hydrogenated
post-doped silicon oxide layers significantly improved the minority carrier lifetime. SiO, layers which
are fabricated by using a gas flow ratio of 0.58 showed the best results in terms of minority carrier
lifetime.

It is important to conduct more research on this topic, towards the successful realisation of silicon
oxide as a passivating contact layer. This study gave insight as to why, or why not, a certain route is
successful to form doped silicon oxide layers for passivating contact layers.

6.2. Future Recommendations

Throughout this thesis work a continuous stream of information was gathered and analysed to under-
stand the behaviour of the silicon oxide layers. The future recommendations for this research consists
of a general outlook that applies for each investigated route and of an outlook specifically for the post-
oxidation and the post-doped routes. Doors might be opened to more follow-up research on this topic.

The doping level in the silicon oxide layer remained unknown, due to lack of suitable analysis techniques
to study phosphorus doping in silicon oxide. Since it is crucial to determine the amount of electrically
active phosphorus in the silicon oxide layer, it is necessary to find a way to determine active phosphorus
concentration in the SiO, layer. Secondary Ion Mass Spectroscopy can reveal information about any
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type of phosphorus present in the SiO,, but cannot distinguish between electrically active and inactive
phosphorus. High Resolution Transmission Electron Microscopy and Scanning-Transmission Electron
Microscopy are more expensive analysis techniques, but will very accurately determine the elemental
mappings of specific elements, for example phosphorus. The latter two mentioned techniques are not
only useful in terms of quantification of elements, but will also indicate the location of specific elements,
e.g. segregated at grain boundaries or within the grain. Since the electrolyte in ECV measurements
(NH4F-HF) is not able to etch silicon oxide, another suggestion is to find an electrolyte which is able to
etch the silicon oxide uniformly and create a Schottky barrier with the silicon oxide. XPS measurements
can also be useful in the determination of presence of electrically active phosphorus. The P 2p signal
in the XPS spectrum might be detectable when dwell times are signifcantly increased (should be about
70 times higher than dwell times for C 1s and O 1s) [57].

Another requirement for further investigation is to determine if it is possible to fire through silicon
oxide and make it contactable. This is of great importance before solar cell devices can be made. In
the most favourable situation there is low contact resistivity between the metal contact and the passi-
vating contact. This might be possible by depositing a layer of silicon oxide which is terminated below
the metal layer and locally replaced with a more conductive material (such as poly-Si).

Next, lateral conductivity needs to be improved after which it becomes possible to replace the cur-
rently used poly-Si with SiO, in the PERC solar cell configuration. This might be possible by annealing
the post-doped samples. Hereby the fraction of amorphous phase might be crystallised, so that the
crystalline fraction in the sample increases. Crystallised silicon oxides will result in more conductive
SiO, layers [11].

Since hydrogenation and firing are increasing the minority carrier lifetime in wet oxidised and post-
doped silicon oxide layers so significantly, it becomes interesting to study in further detail which mech-
anism affects this. It is suggested to investigate the hydrogen diffusion profile by STEM. STEM mea-
surements may show where the hydrogen has diffused to after hydrogenation and firing. Also, it is
interesting to analyse a wet oxidised 65 nm sample after firing with FTIR to verify if the characteristic
Si-H absorbance peak is increased. It is expected that this peak becomes more pronounced due to
enhanced dangling bond passivation. This will confirm the made suggestion that firing improves the
minority carrier lifetime due to increased hydrogen surface passivation.

Due to the lack of quartz substrates, optical constants (n,k) of the developed SiO,, layers were estimated
by ellipsometry modelling. However, it should be emphasized that the optical properties of SiO, layers
can be more easily and accurately determined when quartz wafers are used as substrate. By using
quartz glass it becomes possible to do transmission-reflection measurements which will reveal both
information about the optical constants and the transparency of the silicon oxides. Unfortunately, due
to wafer availability in the laboratory and lack of time it was not yet possible to do these measurements.

The oxygen content was determined by different methods but not even one was shown to give conclu-
sive results. Therefore the measurements need to be improved, or different measurement techniques
need to be applied. In order to improve reliability of the weighing methodology, it needs to be inves-
tigated if a proper SiN, (i.e. SisN4) capping layer has been produced which prevents oxidation of the
wafer. If SisN4 has been deposited the wafer will be protected and oxygen determination is reliable.
Another way to determine the oxide content is to perform Rutherford Backscattering Spectrometry
measurements. In previous studies this technique has successfully determined the oxide fraction in
SiO, layers.

To summarize, a fundamental basis has been formed for further development of SiO, layers as passi-
vating contact layers. The results are definitely useful, however it is not a conclusive research. It is
important to conduct more research on the SiO, layers, especially in terms of doping efficiency and
lateral conductivity. When this is better understood, the next step is to investigate the applicability of
doped SiO, layers in a device test structure.
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Appendix

Cauchy model

For spectroscopic ellipsometry modelling, a Cauchy model is applied, since this model works best
for materials that have no or weak optical absorption of the visible spectrum. The refractive index is
decreasing with increasing wavelength. The refractive index (n) and extinction coefficient are calculated
as follows:

10*xB 10°%xC
A2 * At

10*xE 10*xF
A2 * A4 1)

n@) = A+

k(A) =10"5x D +

where:
¢ Ais a dimensionless parameter.

» B (nm?) is a parameter that affects the curvature and the amplitude of the refractive index in the
visible spectrum.

» C (nm*) is a parameter affecting the curvature and amplitude in the UV spectrum.

D is dimensionless parameter, similar to A.

» E (nm?2) is a parameter that affects the curvature and the amplitude of the refractive index in the
visible spectrum.

F (nm*) is a parameter affecting the curvature and amplitude in the UV spectrum.
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Appendix

Weighing methodology

In the equation below the derivation of the oxygen content calculation is shown.

Mgio, = M3 — My
=(28+32)xn
=60n

mz —my

"= "0

Msio,
=m;—m
= (28+16x)xn

= (28 + 16x) x 23—
=( x) 0

16x = 60 x — 2 ™1
x= mz —mq — 28
60 mz_ml 28

= — X —
*T16 ms—m, 16

(2)

in which: mg;e, is the mass of the SiO, layer, m; is the mass of the wafer after complete oxidation,
m, is the mass of the wafer with SiNx. This will give the nhumber of moles in the SiO, as a function of
the mass of the wafer after complete oxidation and the mass of the wafer with SiNx.
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Appendix

Photoluminescence

As the SiO, layers were deposited after manual modification of the LPCVD tool manually, it was
required to determine whether the SiO, layers were deposited homogeneously on the substrate. PL
imaging indeed showed that the deposition of SiO, was not homogeneously distributed. A photolumi-
nescence measurement was done on an as-deposited symmetrical sample with SiO, layer deposited
in 90 min using a gas flow ratio of 0.5. As can be seen in the figure below, the lower left corner is
showing higher conductivity which may be caused by larger phosphorus concentration, or lower oxygen
content.
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Appendix

Terahertz (THZ) sheet resistance measurements were in principle done by the Sherescan ap-
paratus, but due to high contact resistance this technique was not suitable to obtain sheet resistance
values. Terahertz measurements are able to measure the resistance without making contact with
the silicon oxide layer, however the sheet resistance value of at least one point needs to be known.
Unfortunately not even one reliable measurement point was obtained from the sherescan. So, the
measurement done with Terahertz only reveals information about the homogeneity of the sample. The
inhomogeneity observed in the image below is caused by thickness variations of the SiN:H deposition.
Due to a processing error, the SiN:H was not homogeneously deposited on the sample. However, it is
noteworthy that the SiN:H affected the response to the Terahertz.

Timeshift corrected signal

Y
T
4
;
i
<
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-

'
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Appendix

FTIR post-doped 90 min
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Appendix

QSSPC datasheet
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70 6. Conclusion and Future Recommendations
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Appendix

X-Ray Diffraction (XRD)
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