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Abstract
The effective passivation of boron emitters is a critical precursor to the
migration of the sihcon solar cell industry to n-type substrates. With this
requirement in mind, this thesis focuses upon the surface passivation quality of
boron diffused emitters in crystalline silicon. The chief analytical approach
apphed involves the investigation of the dependence of surface recombination
on the charge density. The investigation is undertaken on two structures, namely
LPCVD Si3N4/Si02/Si and PECVD SiNx/Si.
Measurement

of

emitter

saturation

current

(Joe) under

strong

accumulation provides a meaningful comparison of the interface quality of
different samples, since the surface recombination is independent of surface
doping and only weakly dependent on surface charge density. In all cases, the Joe
measured following negative corona charge deposition in boron diffused
samples is significantly reduced and saturated, even for samples with relatively
high surface doping.
Correlation of boron surface concentration and the Si/Si02 interface
properties of oxides grown using low temperature wet-dry oxidation as an
intermediate layer of an LPCVD Si3N4/Si02 stack is reported. The proportion of
}oe due to the defects at the surface is estimated after the Auger recombination in
the emitter bulk has been taken into account based on the emitter profiles. The
Si/Si02 interface of boron diffused (111) samples with LPCVD Si3N4/Si02 is
substantially inferior to the corresponding (100) surface, as indicated by higher
effective surface recombination velocity (Seff) under accumulation. For the range
of boron surface concentrations investigated in this thesis (-4x10^8 to SxlO^^cm-^),
the interface properties of LPCVD Si3N4/Si02 on (100) and (111) surfaces are
found to be insensitive to the changes in boron surface concentration. This
conclusion is supported by electron paramagnetic resonance results, which
illustrate that a comparable Pb defect densities exist at the various surfaces. A
long term stability investigation on the thermal oxide and LPCVD Si3N4/Si02
passivated samples shows that the degradation observed after long term storage

is due to moisture. The detrimental impacts of the moisture can mostly be
avoided with the addition of an effective barrier such as a capping layer of
LPCVD niti-ide.
The appUcation of negative charge on undiffused, PECVD SiNx
passivated surfaces leads to a significant disagreement between the Seg
determined by two separate techniques. In particular, for samples not subjected
to a high temperature armeal, significant discrepancies exist between Seff
extracted from effective lifetime
and Joe data. The reason for this is not well
imderstood, however, several possible mechanisms are discussed. On PECVD
SiNx passivated samples featuring a boron diffused emitter, the higher }oe values
tmder accumulation for boron diffused samples compared to that of undiffused
samples implies that the boron diffusion introduces defects at the PECVD
SiNx/Si interface of planar (100) and (111) surfaces. Further, the results of Joe
imder accumulation for samples within the range of surface concentrations and
sheet resistances studied in this thesis suggest that the interface degradation is
not a stiong function of the boron surface concentration, the total boron dose, or
the surface orientation.
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Chapter 1

Introduction

Solar energy is an abundant source of energy available in nature. Solar
cells can substantially reduce greenhouse gas emissions by reducing the need for
electricity generated from the burning of fossil fuels. As the demand on
sustainable energy sources continues to grow, the solar cell industry is predicted
to experience extremely rapid growth. Innovation in this sector is the key to
unlocking its potential to answer the challenges posed by climate change.
Approximately 90% of commercially manufactured solar cells are made
from crystalline silicon, which include single crystalline and multicrystalline
cells. Indeed, crystalline silicon has several advantages, such as material
abundance and non-toxicity, relatively high efficiency. In addition, the material
is fairly well-understood by a well established research community. At present,
the silicon solar cell industry is dominated by p-type substrates - the
development of cells based on n-type substrates is lagging, mainly as a result of
the absence of an appropriate passivation technology for p+ emitters that
commonly

use

boron

as

the dopant.

The

insufficient

knowledge

and

understanding of boron diffused emitter properties has became a major barrier
for industrial application. This is evidenced by the scarce data available related
to boron compared to phosphorus diffused emitters. This chapter will discuss
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the background issues surrounding boron diffused emitters. In particular,
fundamental concepts in solar cell technology will be described, the diffusion
process will be introduced, and a brief review of surface passivation results to
date will be provided.

1.1. N-type based Solar Cells
The first commercialized crystalline solar cells in PV industry were made
on p-type (boron-doped) substrates because of the superior resistance of this
material to space radiation. Thereafter, much industry development was
focussed upon p-based solar ceUs. The superiority of p-type wafers is further
promoted by the carrier mobility issue. Electrons, as minority carriers in p-type
cells, have about a factor of three higher mobility compared to holes.
Consequently, for the same lifetime value, this causes electrons to have a greater
diffusion length than holes. In the context of terrestrial application solar cells,
where degradation caused by space radiation is not an issue, there is, in
principle, no reason to avoid the use of n-type (phosporus-doped) substrates.
Moreover, with the modern tendency to aim for thinner solar cells, cell thickness
itself is generally less than the minority carrier diffusion length. The fact remains
that the processing technology of p-type cells is more developed, providing
significant disincentive to migrate to n-type substrates. One particular deterrent
for manufacturers wishing to switch to n-type substrates is the lack of
appropriate passivation mechanism for p-type boron emitters - particularly as
cells become thinner, surface passivation becomes a critical factor in device
performance.
N-type silicon wafers have been shown to have higher bulk lifetimes
compared to those of the p-type wafers with the same resistivity [1, 2]. Another
potential benefit of n-type substrates is the lack of boron-oxygen (B-O)
complexes suffered by p-type substrates which act as effective recombination
centres and, consequently, limit the achievable efficiency of the cell [3,4].
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Moreover, n-type silicon shows higher tolerance to common metal contaminants
which results in lower recombination compared to p-type [5]. More recently, at
the manufacturing stage, SunPower [6] and Sanyo [7] have fabricated n-type
based solar cells on large areas of Czochralski (CZ) and solar grade Float-Zoned
(FZ) wafers which resulted in more than 20% efficiency. These developments
attest to the excellent potential of n-type silicon wafers for high efficiency solar
cells.

1.2. Emitter Region of a Solar Cell
A solar cell is essentially a diode and is therefore governed by the same
physics as a diode. When two different types of semiconductor (p and n) come
into contact, electrons or holes as majority carriers will diffuse towards each
other as a result of concentration gradients. In fabrication, one of the most
common techniques used to make a p-n junction is by diffusing a p-type dopant
into one side of an n-type wafer, or vice versa. The heavily doped region, created
with opposite polarity to the wafer, is generally referred as an emitter. In practise,
the requirement of heavily doped emitter can be explained in a way how it is
related to current and voltage generation within the solar cell.
The current generation is mainly determined by the collection probability
of light-generated carriers at the metal contacts. Under low level injection
condition, minority carriers move by diffusion in the uniformly doped bulk and,
upon reaching the p-n junction, are 'swept across' the junction and can then be
collected at the metal contacts. In non-uniformly doped regions, the motion of
the carriers is by both drift and diffusion.
The diffusion length of the carriers at the silicon bulk is particularly
important. It determines the average distance travelled by the minority carriers,
and therefore the likelihood of collection of carriers generated in the bulk (by
long wavelength photons) by the p-n junction. In the vicinity of the surface, the
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ratio of the minority carrier concentration between the location where a carrier is
generated and the surface has a large impact on the likelihood of that carrier
recombining at the surface. This is because the carrier recombination can be
strongly increased at the surfaces due to the presence of dangling bonds or
interface defects. These recombination centies at the surface or interface should
be minimised and the emitter should be heavily doped (or have a high
concentration of either electrons or holes) relative to the bulk. In addition, a thin
emitter is generally preferred in a front junction solar ceU to allow carrier
generation sufficientiy close to the junction, such that the distance for these
carriers to diffuse towards the junction can be minimised or kept within the
diffusion length.
1.2.1. Open Circuit Voltage
In equilibrium, the difference in the position of the Fermi level Ef in the p
and n type regions (relative to the valence and conduction band edges) results in
a built-in voltage across the junction. The position of Ef is determined by the
doping concentration of each side of the p-n junction, which is expressed as:
r
Forp-type:

E. - E^ =

kT\n

For n-type:

E^, - E- =

kT\n

A

K^i

\
J

(1.1)

(1.2)

where E, is the intiinsic Fermi level, kT is the thermal voltage (0.0259 eV), h, is
the intiinsic carrier density (8.69x10'^ cm-3 at 25 °C [8]), while po and no represent
the hole and election concentiations in the p and n type regions at equilibrium,
respectively.
As shown in Figure 1.1, the absorption of photons with greater energy
than the corresponding band gap (Eph ^ Eg) promotes additional elections in
conduction band and holes in valence band. The concentration of elections and
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holes under these non equilibrium conditions are usually described using the
concept of quasi-Fermi levels for electrons (Ef„) and holes (Epp), as shown in Eq.
(1.3) and (1.4).

n = n^e

^^

(1.3)

p = n.e

^^

(1.4)

• Ev

Ev

Ef

E,FP

•

Eqiiilibiiam

o

o

o

o

o

^

Ilhiminated

Figure 1.1. Energy band diagram showing Fermi level in equilibrium and quasiFermi level separation due to photon absorption under illumination on a p-type
semiconductor.

In general, Ef« and Efp are not constant throughout the device. In terms of
potential voltage, Ef„ and Epp can be converted as qOn and qOp, respectively.
Open circuit voltage (Voc) is the maximum potential across a solar cell,
when no current is flowing, under a certain illumination level. Voc is equal to the
difference in the quasi-Fermi potential:
(1.5)
where One and Opc are the quasi-Fermi potentials of electrons and holes at the n
and p contacts, respectively. In the special case of nearly constant electron and
hole concentrations in the uniformly doped wafer bulk, and provided that
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surface and emitter recombination is small, then combining Eq. (1.3) to (1.5)
gives:

—In

np
(1.6)

where n and p are measured at the same location in the sample (e.g. in the bulk).
It is evident from Eq. (1.6) that open circuit voltage is strongly dependent on
electron and hole concentration. Thus, minimum recombination rate is usually
desired in order to increase the excess carrier density and, hence, to achieve high
open circuit voltage.
For the case of the heavily doped diffused emitter, the minority carrier
concentrations may be higher due to 'band gap narrowing' effect [9]. The
bandgap narrowing effect causes the reduction of the open circuit voltage. A
brief introduction to the theory related to the band gap narrowing will be
discussed in Chapter 2.

1.3. Boron Diffusion
Boron (hereafter denoted B) is one of the dopants of choice for the
formation of a p-' emitter on an n-type silicon substrate, p-type dopants used in
semiconductor fabrication include aluminium (Al), gallium (Ga) and indium
(In). For the case of silicon substiates, Ga and In are rarely used for emitter
formation due to their low solubility [10, 11]. B and Al are more suitable
impurities. However, Al-alloyed emitters are rather difficult to contiol and tend
to form deeper junctions. Therefore, B remains as the most favourable dopant
and, thus, it has been investigated more extensively compared

to

the

alternatives. High efficiency solar cells over 21% have been recently achieved on
CZ materials featuring B emitter as a front junction [12], demonstrating the
potential of cells with B emitters.
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The most common technique of forming a boron emitter region is by
thermal diffusion. Although a thermal diffusion has the disadvantage of a high
thermal budget, it remains a widely used method due to its ability to process
many wafers at the same time. Boron can be introduced into the silicon substrate
using boron doped deposited films or wafers as the boron source, or by exposure
to a vapor containing boron, such as liquid source of boron tribromide (BBra)
which has been consistently used in this thesis. One of the advantages of this
method is that it allows additional oxidation processes to proceed in-situ (in the
same furnace). Boron diffusions are usually carried out at a higher temperature
(>900 °C) than phosphorus diffusions. Heavy diffusions using BBra can introduce
diffusion-induced defects attributed to the formation of boron misfit dislocations
[13]. Cousins et.al. [14] showed that such diffusion-induced dislocations could
generate electrical defects within the bulk region which are associated with
asymmetric SRH recombination centres. Thus, care must be taken in the choice
of diffusion recipes to prevent these problems. Nevertheless, compared to A1
alloying and boron nitride solid-sources, p'' emitter diffusions formed using BBrs
have demonstrated extremely low emitter saturation current densities and
higher bulk lifetimes [15]. Thus, if used with care, B diffusions from BBrs can
result in very high quality emitters.
There are three main steps that are generally included in the B diffusion
using BBrs as the B source. The first step comprises the deposition of a boron
glass from the chemical reaction between liquid BBrs and oxygen at
temperatures in the range 700 - QOO^C, as shown in Eq. (1.7). The second step
following boron glass creation is the diffusion process, also known as drive-in. In
this step, the boron glass acts as a boron source allowing boron atoms to diffuse
into the silicon. This step aims to obtain more uniform and deeper dopant
profile.
455^3 + SOj
+ 3Si

+\2Br

(1.7)

>4B + 35/02

(1-8)

>
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A boron silicide layer is generally formed at the interface during the
diffusion reaction. Therefore, a subsequent oxidation as the third step is required
to convert the silicide into an oxide which can then be removed in hydrofluoric
acid solution.

However, the growth of an oxide will cause redistribution of

impurities [16], and a lowering of the B concentration at the silicon surface. This
can be described using the segregation coefficient, a parameter that represents
the ratio of the impurity concentration in silicon to that in silicon oxide
equilibrium. The segregation coefficient of B is less than 1 due to the higher B
solubility in silicon oxide compared to silicon [17]. This causes a large amount of
B at the surface to be absorbed into the oxide, resulting in a depletion of B at the
surface. In addition to this effect, a high temperature treatment such as in-situ
oxidation will drive B atoms further into Si. Therefore, care should be taken
while planning an entire diffusion process in order to obtain a desirable profile.

1.4. Surface Passivation of Boron Diffused Emitters
As the development of solar cells leads to thinner structures, it is
necessary to achieve excellent surface properties by applying surface passivation
techniques. Surface passivation techniques include any methodology that aims
to reduce surface recombination losses. It is generally known that electrons from
the conduction band and holes from the valence band recombine via surface
states during surface recombination processes. Therefore, there are two main
strategies to minimise this mechanism. The first strategy is to reduce the density
of surface states, which is commonly realised by applying additional passivation
layer(s) on top of silicon surface. The idea of this technique is to reduce the
dangling bond density (recombination centre density) at the silicon surface. The
second strategy is to create an imbalance in the population of electrons and holes
which in turn will result in recombination reduction. The heavily doped emitter
region is basically formed to accomplish this purpose, in addition to providing a
collecting junction and a conduction path for carriers to travel to the metal
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contacts. An imbalance could also be achieved by applying an electric field that
will repel (or attract) carriers depending on their polarity.

This method is

generally referred as field effect passivation, and is generally realised through
the deposition of an additional film containing a high density of charge.
Figure 1.2 shows a typical solar cell structure that features a diffused
emitter (acts to form a p-n junction as well as field effect passivation layer), a
passivation layer (to reduce the interface state derisity and/or induce an electric
field) and an anti reflection coating (ARC). Instead of using two layers, one layer
is sufficient to fulfil both passivation and ARC function in some cases, such as
silicon nitiide films in the case of the passivation of n type surfaces.
In summary, in order to obtain a high efficiency solar cell, there are
several important considerations for optimising the diffused emitter region:
a.

Carrier recombination within the emitter region should be minimised. This
can be achieved through a careful choice of emitter profile.

6viit contact

iinti refleclion coating
passivation
layer
V

n-base

ll.lcli
conUcI

Figure 1.2. Typical structure of a front junction solar cell featuring p+ emitter.

b.

The density (and recombination activity) of interface defects should be
minimised (by using a suitable surface passivation layer).
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c.

The surface should be heavily doped (or have a high majority carrier
concentration).

d.

Particularly for a front surface emitter, the emitter should be shallow. This
helps to increase primarily the short circuit current, as described in section
1.2.

e.

Emitter conductivity must be sufficiently high to ensure transport of
majority carriers to the metal contacts with only small resistive losses.
To meet the requirements above, both strategies explained previously

will be applied and explored throughout this thesis.
One of the major issues that will be discussed in this thesis is related to
the role of dielectiic layer(s) in surface passivation. This layer is particularly
significant as it determines the interface defect density and properties, as well as
possibly contiibuting charge, which will affect the B emitter properties. In
addition, the dielectric layers also need to serve as an antireflection coating. The
type of dielectric layers that are commonly used to passivate B emitters is briefly
discussed in the following sections.
1.4.1. Silicon Oxide
Several studies have been published which aim to improve the
understanding of the surface passivation quality on B diffused silicon wafers.
One of the most popular techniques used for passivation is the application of a
thermally grown silicon oxide (Si02). Therefore, many experiments have been
carried out extensively to investigate the properties of Si/Si02 interface and how
these are affected by the presence of a B emitter. It has been observed in practice
that the oxide passivated B diffused emitters exhibit higher effective surface
recombination velocity than similarly prepared and passivated P-doped emitters
with similar resistivity.
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A study by Snel [18] revealed that both B and P could introduce defects to
a Si/SiOa interface above a certain surface concentration. The onset of
degradation for B samples occurred at a lower concentration, i.e. at a surface
concentration of approximately IxlO^^ cm-3, compared to 2xl0i7 cm-3 for P doped,
leading to

higher interface state densities. King and Swanson have also

performed a detailed study of the Si/Si02 interface related to B emitter presence
[19]. They showed that, in general, the recombination observed in B diffused
emitters was significantiy higher than P diffused emitters [20]. Electron
paramagnetic resonance measurements by Jin et al. [21] also confirmed that the
presence of a B diffusion layer at the <111> surface does significantly increase
defect density at the Si/Si02 interface as well as interface recombination. This is
explicitiy shown by a three times higher Ph density compared to an undiffused
surface.
It is also known that there are several techniques available to improve
surface passivation using thermal oxidation. This includes a subsequent anneal
in forming gas (5% Hydrogen in Nitrogen) or a post metallization aluminium
anneal (known as alneal). The latter technique could achieve the best results due
to a significant reduction of the (electrically active) interface defect density,
attributed to the release of atomic hydrogen during annealing of the evaporated
Al [22]. Such a method has been used by Zhao and his co-workers in the
fabrication of high efficiency n-type passivated emitter rear totally-diffused
(PERT) solar cells [12].

1.4.2. Silicon Nitride
Another well-known material used for surface passivation is amorphous
silicon nitride (a-SiNxiH or more generally referred as SiNx). For the case of
PECVD deposited nitiide, the film properties can be varied over a broad range,
and the films contain a high concentration of hydrogen atoms that can be used to
passivate bulk defects. This type of nitride generally contains a moderate to high
density of positive fixed charge located at or near the Si-SiNx interface. This
positive charge is beneficial for the passivation of lowly doped or n-doped
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surfaces but is generally undesirable on heavily doped p type surfaces as the
positive charge results in a reduction in hole concentration at the Si surface and
consequently an increase in surface recombination velocity.
A recent study by Chen et al. [23, 24] reported that a prolonged
annealing in N2 could improve the passivation of B emitters with PECVD
deposited silicon nitride films. For some cases, the attained passivation was
comparable to, or even better than, that achieved by SiOz In order to improve the
quality of silicon nitride passivation, Mihailetchi et.al [25] has also recentiy
developed a new method involving the growth of an ultia thin SiOz (~1.5 nm) as
an intermediate layer between the emitter surface and the PECVD nitride film
through wet chemical oxidation using nitric acid solution. This scheme has been
evidenced to enhance the efficiency of B diffused emitter on n-type CZ-based
solar cell by more than 2% against PECVD nitride passivated samples with no
intermediate oxide.
An alternative process for PECVD silicon nitride deposition is the low
pressure chemical vapour deposition (LPCVD) technique. This process is
generally less attractive for emitter passivation research due to the poor
passivation. Moreover, the hydrogen content of the nitride film deposited by
LPCVD is much less for PECVD, which means it cannot be used for the
passivation of bulk defects. However, McCann et al. reported that excellent
surface passivation on light phosphorus diffused samples can be obtained if an
approximately 20nm thin layer of silicon dioxide is grown on the surface prior to
the deposition of tiie LPCVD niti-ide film [26].
1.4.3. Aluminium

Oxide

A dielectric containing fixed negative charges would be ideal to passivate
the surfaces of B diffused emitters. One dielectric which frequently contains
fixed negative charge is aluminium oxide (AI2O3), which is commonly fabricated
by low temperature atomic layer deposition (ALD). AI2O3 features a high density
of built in negative charge (generally in the order of lO-i^ cm-2). This material
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demonstrated excellent passivation of heavily doped p+ emitters [27] with a
relatively low emitter saturation current on a heavily diffused emitter. A high
conversion efficiency of 23.2 % was also achieved by applying this technique on
an n-type passivated emitter locally diffused (PERL) solar cell with front side B
emitter [28]. The key requirement of this technique is a post deposition annealing
process that results in a significant improvement to the passivation, probably
chiefly as a result of a reduction in the interface defect density. The advantage of
ALD over chemical vapour deposition (CVD) or physical vapour deposition
(PVD) is its ability to deposit a uniform thickness over wide areas with complex
structure. However, the low deposition rate achievable with ALD is undesirable
in large-scale manufacturing.

1.5. Thesis Outline
The fundamental aspects of B diffused emitters in crystalline silicon solar
cells have been described in this chapter. Some of the dielectric layers that are
commonly used to passivate the surfaces of B emitters were briefly discussed. In
Chapter 2, the theoretical background of recombination is described. Special
attention is paid to the impact of surface charge on surface recombination.
Chapter 3 provides an overview of the characterisation techniques used in this
thesis. Experimental measurements and discussions on Si/SiOz interface
properties of B diffused emitter featuring oxide and LPCVD nitride/oxide
structure are reported in Chapter 4. This chapter particularly aims to analyse the
effect of B surface concentration upon the interface properties and the long term
stability of oxide passivated B emitters. Finally, in Chapter 5, the investigation of
PECVD nitride passivation upon B emitters is presented. The effect of
electrostatic charge application on B emitter surfaces is explored in order to
further investigate the impact of B surface concentration on the Si/SiNx interface
properties.

Chapter 2

Recombination in Crystalline Silicon

The surface and interface properties of silicon solar cells have a major
impact on their efficiency. Thus, understanding the defect properties in these
regions is essential for further development of solar cells. This chapter aims to
provide a background for understanding the fundamentals of recombination in
crystalline silicon. The first part of this chapter discusses the recombination
processes occurring in the bulk, surface, and emitter regions. For the case of
recombination at the surface, there are additional parameters that should be
taken into account due to the presence of an electric field which will introduce
band bending. The discussion of this phenomenon along with theory of surface
charges and their concomitant effects upon recombination at the surface will be
given in this chapter.

2.1. Recombination Mechanisms
Recombination is a process whereby an election in the conduction band
loses its energy and moves to the conduction band to combine with a hole, thus
causing the loss of a free electron-hole pair. The mechanism of recombination is
the opposite of the generation process, where electron-hole pairs are created (for
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example, by the absorption of energy from illumination). When no bias is
applied,

the

density

of

generated

carriers

which

are

survived

from

recombination is related to the short circuit current of the solar cells. The
minority carrier lifetime (and hence, the diffusion length) should be high enough
to allow the carriers to move and reach p-n junction before they recombine; this
ensures the highest possible short-circuit current. Under open circuit conditions,
a higher lifetime leads to greater excess carrier densities, which results in greater
quasi Fermi level splitting and, therefore, higher open-circuit voltage.

In

general, a high carrier lifetime and low recombination rate contiibute to a higher
conversion efficiency. Solar cell design relies upon a thorough understanding of
both the recombination mechanisms and the methodologies available to inhibit
these mechanisms.
Carrier recombination lifetime is defined as the average time before a free
election-home pair recombines. The relation of recombination lifetime, r (in
seconds), and net recombination rate, U (in cm-^s-i), is defined by:

r

-

An

1J

(2.1)

where An (in cm-3) is the excess electron concentiation due to light absorption,
which is determined by An = n - no, n is the elech-on concentration and no is
electron concentiation in thermal equilibrium. The same condition also applies
for holes. The excess concentiations of elections and holes are assumed to be
equal {An=Ap) if there is no charge carrier tiapping and the electiic field is
considered to be negligible. In thermal equilibrium U = 0. Meanwhile, in steady
state, the recombination and generation rates (G), are equal (U = G).
The recombination mechanisms in semiconductors can be divided into
three different types, i.e. Radiative, Auger, and recombination via defects (also
known as Shockley-Read-Hall - SRH recombination). These are illustiated in
Figure 2.1. The total net recombination rate in silicon is the sum of these
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recombination rates. The recombination mechanisms will be explained briefly in
the following sections.

c

b
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photon

f

f

\

o

oo

o

\(

o

Ey

Figure 2.1. Illustration of electron and hole interaction in (a) Radiative (b) Auger
(c) Shockley-Read-Hall Recombination.

2.1.1. Radiative

Recombination

Radiative recombination (the inverse process to light absorption in a
semiconductor) occurs when an electron in the conduction band falls into a hole
in the valence band by emitting a photon. This recombination mechanism
dominates the recombination process in direct bandgap semiconductors, but is
usually negligible in indirect-bandgap semiconductors, such as silicon, due to
the involvement of phonons during the recombination process. In p-type
material, the radiative recombination lifetime is given by following expression:
T
''rad

=

^
B(N^+An)

(2.2)

where B is the coefficient of radiative recombination, which has a value of 1.0x1014 cm3/s for crystalline silicon at 300K [29], Therefore, in low injection, radiative
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lifetime is determined by wafer backgroimd doping concentration, NA, while in
high injection it depends on An, i.e. the excess carrier concentration (also referred
as 'injection level').
2.1.2. Auger

Recombination

Auger recombination occurs when an electron recombining with a hole
transfers its excess energy to another charge carrier (either electron or hole)
instead of tiansmitting a photon. The excited electron or hole subsequentiy
drops back to the edge of its corresponding band by dissipating heat within
crystal lattice. Therefore, Auger recombination involves three particles (see
Figure 2.1.b). The total Auger recombination rate, UAuger, is given by [30]:
+

(2.3)

Based on the interaction, C„n^p and Cpitp^ is labelled as Ueeh and Uehi,, in which the
recombining election-hole pair tiansfers its energy to another election or hole,
respectively. For silicon at room temperature with dopant density more than
5x1018 cm-3, the Auger recombination coefficients (C„ and Cp) were determined to
be C =2.8x10"^^ cmVs and C =0.99x10'^^ cmVs [31], These coefficients were
n

p

obtained experimentally from data of minority carrier lifetime as a function of
doping concentiation in low level injection for both p-type and n-type wafers.
For p-type material, the Auger minority carrier lifetime during low and high
level injection (lli and hli, respectively) can be expressed as follows:

r Au,erM,

1

(2.4)

1

O

where C„+Cp is the ambipolar Auger coefficient. It is apparent that the Auger
recombination mechanism has a stionger dependence on carrier density than the
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radiative recombination mechanism.

Auger lifetime decreases sti-ongly with

increasing NA and An. Hence, Auger recombination dominates in high level
injection as well as in heavily doped silicon (in particular for doping density
above lO^^ cm-^ [32], However, the mechanism of Auger recombination in reality
is more complicated. When the Coulomb interactions between mobile charge
carriers

are

taken

into

account

[33],

the relationship

between

Auger

recombination and doping density given by Eq. (2.4) and (2.5) is no longer valid.
To deal with this, C„ and Cp should be multiplied by certain enhancement factors.
The parameterisation of Coulomb-enhanced Auger recombination process is
discussed in more detail in Ref. [34]. As a general approach, a new Auger
parameterisation was proposed by Kerr [35]. This model will be used in the later
parts of this thesis.
2.1.3. Recombination
The

presence

via defects
of

impurities,

crystallographic

defects

and

lattice

boundaries at the surface can intioduce energy states (also caUed 'traps' or
'defects') in the forbidden energy gap. Recombination via defects occurs in two
steps which are facilitated by these defects as a tiansition (thus, this type of
recombination is also referred as 'trap assisted recombination'). An electron from
the conduction band falls into a defect level and then continues to recombine
with a hole in valence band. The mathematical description of this recombination
mecharusm was developed by Shockley and Read [36] and HaU [37]. For a single
defect located at energy level Et (hereafter, a subscription of "t" always refers to
"trap", a synonym of defect) the SRH recombination rate is given by:

,

T

(2.6)

where m and pi are statistical factors which are expressed as follows:

(2.7)
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(2.8)

KT

and Tno and Tpo are capture time constant of the electron and hole which is given
by:
1

(2.10)

an and Op correspond to capture cross section of electrons and holes, vn, is thermal
velocity of the free carriers (a constant of 10^ cm/s in Si at 300 K), and Nt is the
density of defects.
Based on Eq. (2.6) to (2.10) above, it can be seen that the SRH
recombination rate depends on the properties of defects [i.e. energy level (£<),
capture cross sections {a„ and ffp), defect density {Nt)], the background doping
and the injection level which together determine the values of p and n.

2.2. Surface Recombination
Surfaces and interfaces typically contain a large number of recombination
centres due to the discontinuity of the silicon crystal structure. These dangling
bonds allow more energy states at the bandgap in which act as an active SRH
recombination centres.
The

surface

recombination

velocity

is

defined

such

that

the

recombination rate at the surface {Us) is the product of excess carrier
concentration at the surface {Aus) and the surface recombination velocity, S.
Us^SAn,

(2.11)
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Similar to Eq. (2.6), the net recombination due to SRH recombination for
a single defect at surface can be defined as:

(2.12)

where:
(2.13)
(2.14)
These parameters are nearly identical with the inverse of capture time constants
as expressed
in Eq. (2.9) and (2.10). The difference is that the recombination here
is due to the traps or defects that only exist at the surface or interface {Nn is in
cm-2). Thus, the parameters related to the surface recombination are formulated
per unit area {U is measured in units of cm-^s-i), instead of per unit volume as the
bulk recombination expressions.
2.2.1. Flat Band
The flatband condition occurs when the electric field and carrier trapping
at the surface is negligible and the excess concentrations of hole and electron at
the surface are equal {Aits = Aps). Thus, surface recombination under flat band
condition can be derived from this assumption and by combining Eq. (2.11) and
(2.12), which results in the following expression:

=

+

-o-^Po

+ ^s

, Po + P^+An^

(2.15)

The relationship in Eq. (2.15) implies that S is mainly dependant on the
following factors:
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•

The properties of surface states, i.e. the energy level and density of the
traps (as defined by Et and Nu from tii, pi, S„o, and Spo).

•

The capture cross sections of electrons and holes (as determined by S„o
and Spo).

•

The injection level at the surface (AHS); and

•

The doping level (no and po).

Simulations showing the relationship of the above parameters on surface
recombination velocity can be found in Ref. [32]. In general, for a single energy
defect, the energy level of the surface state can have a large effect on the
dependence of S on doping concentiation. Defects near midgap result in a high
surface recombination velocity regardless of doping concentiation, while for
'shallow' level defects (i.e with energy level closer to the conduction or valence
band) there is a critical doping level below which the defect is effectively inactive
as a recombination centie.
In practice, the surface recombination centies occupy a continuum of
energy levels throughout the bandgap. Thus, as can be found in Ref. [38], Eq.
(2.16) is generally more applicable to analyse the total recombination rate at a
real surface, where an integration over the energy gap is required to take into
account the multitude of different surface recombination centies. In this
equation, capture cross sections are expressed as an energy-dependent function.
The distiibution of surface states density over the entire bandgap is used
(instead of as a single parameter of Nit); Dn (in cm-^eV-i) is used to refer to this
distiibution. It is also useful to provide the definition of surface recombination
velocity in terms of SRH recombination parameters (see Eq. (2.17)).

CT(E)

A,XE)
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-dE

2.2.2. Band

(2.17)

Bending

The surface of a semiconductor usually features orie or more dielectric
films or passivation layers. The presence of electrical charges that are generally
found in such materials can have an impact on the concentration of electrons and
holes in the region beneath the interface, which therefore will affect the Fermi
level and cause band bending. For example, as depicted in Figure 2.2., the
presence of positive charges within Si02 layer induces a space charge region, and
thus a band bending, underneath the surface of p-type silicon. The band bending
here is characterised by surface potential (Ws) as a result of non-neutrality of
charges in the surface region (see sub chapter 2.3 for more details).

The

calculation of S must take this band bending phenomenon into account.

space Charge

Figure 2.2. Schematic diagram showing the space charge region and band
bending induced by positive surface potential due to positive charge within Si02
on a p-type undiffused silicon.
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When there is band bending in the surface region, the assumption of
equal excess surface hole and electron concentrations is, in general, no longer
valid (Ajis ¥=Aps), and the general form of the SRH equation (Eq. 2.16) must be
used to calculate Us.
It is often convenient to characterise a surface using an effective surface
recombination velocity, using a virtual surface as a reference. For the structure
shown in Figure 2.4, the 'virtual' surface is located at the boundary of space
charge and bulk region (point'd') in which the effect of electric field can be
neglected. The effective surface recombination velocity at this point, namely Scff,
can be determined as a function of carrier concentration at x=d. Following the
general definition of S in Eq. (2.11), Se/can be simply expressed as [39]:

=

^

(2.18)

Eq. 2.18 can be used for both the experimental and theoretical
determination of Sefj. Seff can be estimated theoretically using the 'extended
Shockley-Read-Hall formalism', introduced earlier by Grove and Fitzgerald [40,
41] and later simplified by Girisch et al. [42] and Aberle et al. [43], The details of
this formalism will be discussed in another part of this chapter.
2.2.3.

Seff

Determination

Similar to the general expression of leff with respect to emitter
recombination, Seff can be defined with respect to Teff and Tb using the following
expressions [44]:
1

=-

1

+

where (3 is expressed by:

.2

(2.19)
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tan

J3W

= — ^

(2.20)

Damb, the ambipolar diffusion coefficient (cm^/s), is a general term defining
electron and hole diffusion length, as expressed in Eq. (2.21). The ambipolar
coefficient parameter is applicable for the case of high level injection, which is
the condition of interest for most of the measurements in this thesis. In low level
injection, the minority carrier diffusion length, D„ or Dp, is used instead of DambThe values of Damb as determined experimentally are given in Ref [45].

D„D(n

+ p)

D ^ m b - / '

/

(2.21)

For the case of a well-passivated surface with very small Seff, Eq. (2.19)
and (2.20) can be approximated by Eq. (2.22).

^

=

r,

W

Sproul [46] showed that Eq. (2.22) is accurate to within 5% if Scf<D/4W

(2.22)

where

D

is the diffusion length and W is wafer thickness. Note that Eq. (2.22) always
underestimates Seff.
For the case of very high Seff, Eq. (2.19) can be rewritten as:
1

= -

1

+ — D^>r.b

(2.23)

All of the mathematical expressions to determine Seff above require
knowledge of n. However, rj, is often difficult to determine. The upper limit of n
can be obtained from the Auger limit of the carrier lifetime. This will give the
upper limit of Seff. On the other hand, the lower limit of it (and corresponding
lower limits of Seff) can be reasonably estimated from the highest Teff measured on
the particular sample.
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2.3. Surface Charge
As mentioned in Section 2.2.2, the presence of charges on the silicon
surface can violate the negligible electric field under the surface and induce bend
bending. Therefore, it is necessary to recognise the existence of this charge and
its characteristics, in particularly how it is associated to a certain interface
structure that is related to the surface recombination. The charges discussed
below are those that can be found in the vicinity of silicon and insulator
interfacial region and are generally measured in a imit of Coulomb/cm^ or
elementary charges/cm^ (the latter will be simply written as cm-^).
•

Surface Charge is defined as the external charge deposited or applied at
the silicon surface. The density of this charge is symbolised by Qs. This
charge can be associated as the static charge in form of ionized molecules
that can be deposited from a corona discharge system [47, 48], This type
of charge has flexible character, can be adjusted and removed easily, for
instance by rinsing in isopropyl solution. For the case of metal-insulatorsemiconductor (MIS) stiucture, Qs is associated as the density of charges
presented at an external gate electiode, Vg (some literatures may refer
this as Qg). The static charge and gate electrode has similar behaviour,
except that the work function difference between metal and silicon
should be taken into account when using an MIS stiucture.

•

Fixed Charge is immobile charge that exists permanently in all varieties
of dielectiic material. The density of this charge is called Q/. In the Si
/Si02 system, Q/is located near the interface, and is attributed to silicon
atoms with one dangling bond and back-bonded to three oxygen atoms
[49]. It is often described as "a sheet of positive charge" that can be found
around 2 nm from the interface [50]. This Q/has a fix value. For the case
of SiNx/Si interface, Q/is believed to be attiibutable to the same dangling
bond stiucture, as formerly mentioned in Si02 interface, in addition to
nitiogen related dangling bond stiuctures, i.e. 02N=Si*, ON2=Si* and
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Ns^Si (referred to as the K center). Schmidt and Aberle proposed that the
value of Q/in SiNx films is not fixed due to the presence of K centres [51].
The location of Q/ in Si/ SiNx interface was experimentally shown at
approximately 20 nm from the interface [52, 53]. In general, Qf is
influenced by the processing conditions and can be characterised using
capacitance-voltage (C-V) measurement as will be discussed further in
the next chapter.
Interface Charge consists of charged defects at the interface that can act as
an acceptor-like or donor-like states (depending on their position in the
band gap with respect to Fermi level), or, otherwise, can be neutral.
Donor like states are situated below the Fermi level and are neutral when
they are occupied by electrons or positively charged when it they are not.
On the other hand, an acceptor-like state is neutral when it is unoccupied
or negatively charged when it is occupied by an electron, and is located
above the Fermi level. The density of interface charge is referred as Q,i
and is expressed as [42]:
£c

Ec
Q„ = - f A.
Ey

(E)dE +
Ey

(E)f, (E)dE

(2.24)

Where Dua (DM) and /« (fd) are the density of acceptor (donor)-like states
and the statistical of electrons (holes) occupancy of the acceptor (donor)
traps, which are defined as:

fa (E) =

f , (E) =

c7,XE)in + n,iE)) + c7(E){p
cr(E)n, +

+ p,{E))

a(E)p

c7,XE){n + n,{E)) + cT(E){p + ME))

(2.25)

(2.26)

Qit is usually characterised at the same time as Q/ using C-V
measurement, where the contribution of Q,t is normally neglected for the
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case of relatively low Du with respect to Q/. In addition, there are also
other types of interface defects that can be charged both positive and
negative, such as Pb centres. Due to its different characteristic, a Pb centre
is characterised using a different technique to Qu measurement, i.e. using
electron paramagnetic resonance which wiU be discussed in more detail
in the next chapter.
•

Charge at the space charge region is the induced charge underneath the
silicon surface that is affected by the presence of the total charges
mentioned previously. The density of the charges in this thesis is denoted
by Qsc, which can be expressed as an integration of one dimensional
Poisson equation as a function of electiic field stiength and the potential
{W(x)). The detail of the mathematical expression for this can be found in
Ref. [42]. Qsc can be generally defined as the balance of the charges
presented at the surface and interface, such that the sum of all of these
charges should be neutralised.
Qsc-iQs

+ Qf+Q„)

= 0

(2.27)

The neutiality as shown by Eq. (2.27) above should always be applied in any
condition. Accordingly, in flat band condition, the sum of Qs, Q/, and Qu should
be null provided that no space charge presented under this condition.
2.3.1. Surface

Potential

An electrostatic potential, denoted by W(x) (unit is in V) or similarly qW(x)
(unit is in eV), is a quantified parameter that is measured with respect to intrinsic
Fermi level, so that W(x) is defined as zero in an electric field free silicon bulk.
Thus, the occurrence of bend bending at the surface due to the impact of the
electric field is quantified by this parameter, which will be specifically called
surface potential (Ws). As can be seen in Figure 2.4, the magnitude of the surface
potential represents the deviation of intrinsic Fermi level from the bulk, where it
is flat, towards the surface that is affected by the electric field induced by total of
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the surface charges as previously explained. Based on this definition, there are
three band bending conditions that can be classified based on the magnitude of
surface potential (see Figure 2.3 for the illustration):
-

Accumulation

is the condition where large amount of negative (positive)

charge is applied in a p-type (n-type) surface so that the majority carriers
are attracted towards the surface while, on the other hand, the minority
carriers are strongly reduced. Due to the accumulation of holes
(electrons) in p-type (n-type), the Fermi level at the surface nearly
coincides with the valence (conduction) band.
Depletion,

occurs when the surface potentials are reduced, resulting in

moderate repulsion of majority carriers and attraction of minority
carriers. When the concentrations of electrons and holes are equal
(named strong depletion), the Fermi level will be at the same level as
intrinsic Fermi level at the surface, such that q^'=ErEr in p-type or qW=EFEi in n-type surface.
Inversion

is practically a further increase of depletion, where the majority

carrier at the surface is depleted further such that its concentration is
lower than minority carrier (which now becomes the majority). Thus, the
position of Fermi level is crossed over with the intrinsic Fermi level. A
strong inversion occurs when the concentration of 'formerly' majority
carriers exceeds the background doping concentration {NA or NO) and the
band bending at the surface will be double (or greater) than the energy
difference between E, and EF , such that Eq. (2.28) is applied for a p-type
surface.

qy/s>2kT\n^

(2.28)
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Figure 2.3. Band bending diagrams under: a. Accumulation, b. Strong Depletion,
and c. Inversion on p and n-type surface in thermal equilibrium.

Accordingly, the width of the maximum depletion region {Wm) that can be
achieved under strong inversion can be defined in Eq. (2.29) (£s is semiconductor
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permittivity), while the density of charge contains in this area is given in Eq.
(2.30) [54],

(2.29)

(2.30)

2.3.2. The Girisch

Model

The main purpose of the extended SRH formalism which is firstly
introduced by Grove and Fitzgerald [40, 41] is to provide a numerical model of
surface recombination with respect to the bend bending that occurs at the silicon
surface under illumination. This model is based upon the analysis of a metaloxide-structure (shown in Figure 2.4) which facilitates the description of surface
recombination as a function of applied gate voltage.
The first step in calculating Us in this model is to determine the carrier
concentration at the space charge region. In order to determine the concentration
of electrons and holes within the space charge region

{0<x<d), the separation

Fermi level under non-equilibrium condition has to be accounted

of

for.

Additionally, the quasi Fermi levels are dependent on bulk potential and are
given by [45]:
/

cD„

In

n

O =y/ + kT]n P_
n.

\

(2.31)

(2.32)
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Figure 2.4. Schematic diagram of charge distribution and band diagram showing
the presence of band bending at the metal/Si02/p-Si under illumination [32].
The voltage as a result of this separation of these Fermi level at the bulk has been
given in Eq. (1.7). The excess carrier densities of electrons and holes generated in
silicon bulk (x>d) is considered to be equal, An(x)=Ap(x), and so is the excess
carrier densities on the edge of the surface space charge {nd=no+ Arid and pd=po+
Arid ). And as the result of the field free condition at the bulk (W=0), the electrons
and holes concentration in x=d can also be written as:

n^ = n,e

kT

Pu =

kT

(2.33)

(2.34)
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In the calculation of surface recombination according to Girisch et al [42]
(referred to as the Girisch model), the quasi-Fermi levels are considered to be flat
throughout the silicon depth, including the surface. This assumption is valid as
long as the recombination at the surface and space charge region is relatively
small. Based on this approximation, the determination of surface carrier
concentration, «s and ps, can be simplified as follows [55]:

n^=n,e

Ps=Pd^

^^

(2.35)

IVs

(2.36)

^^

In conjunction with the definition of Us as defined by the SRH expression,
all of the expressions obtained based on Girisch model above can be used to
determine the surface recombination rate as function of applied charge and
injection level. However, one should note that this model does not include the
bandgap narrowing effect, nor the work function difference between metal and
silicon. The latter should be taken into account when applying the model to a
real MIS structure.
A calculation using the Girisch model to show the dependency of
injection level upon surface recombination is illustrated in Figure 2.5. This
simulation simulates surface recombination rate on an oxide passivated p-type
sample with doping concentration of lO^s cm-3 measured at a single defect level
at midgap (Et=E,) with equal electron and hole capture cross sections. The defect
density within this energy level is assumed to be lO" cm-2 and the fixed charge
within the oxide is neglected (Q/=0). As a comparison, a similar simulation (with
AM=1014 cm-3) is also shown for an n-type surface. As the result of opposite
majority carrier polarity, the n-type curve shows a symmetiical shape to that of
p-type.
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Figure 2.5. Calculated surface recombination rate as a function of surface charge
density for various injection levels (shown in each curve) in a p-type and n-type
(solid line) oxide passivated sample with a doping concentration of lO^^ cm-3.
This calculation assumes a single defect at the mid-gap with D,(=10" cm-2,
On=Op=10-i5 cm2, and Q/=0.

Figure 2.5 shows that the magnitude of Us increases in accordance with
the increase of injection level. This can be understood as more carriers are
generated as the injection level is increased. It can also be seen in this figure that
all of the conditions show similar tiend which is given by a parabolic-like curve.
The peak of these curves occurs under depletion, when the concentrations of
electron and hole are equal.

As can be seen from Figure 2.5, the maximum

recombination shows a dependency on the injection level - it is shifted slightly
toward the origin axis as the injection level increases. The reason for this is
because higher injection level gives higher minority carrier concentration. Thus,
for a p-type surface at a higher injection levels the less positive voltage would be
needed to attract electrons in order to achieve equality with holes {ih^ps), that is
the peak of the curve.

Recombination in Crytalline Silicon

The minimum recombination observed in Figure 2.5 is consistently
attained under the appUcation of high density of surface charge where the
accumulation and inversion condition is achieved. Under this condition, one
type of carriers is maximised and the other is minimised (e.g. negative charge
application in p-type will 'accumulate' holes and repel elections, hence, less
electrons are available to recombine). Considering a p-type surface under
accumulation, ps is much higher than «s such that the expression of surface
recombination velocity in Eq. (2.17) can be approximated as a simplified fimction
given by Eq. (2.37) that is independent of doping density and strongly
determined by defect density and capture cross section of the less available
carriers, i.e. election. Hence, on the other hand, the capture cross section of holes
will be the dominant factor in inversion condition. The dependency of Se^upon
these parameters is illustrated in Figure 2.6.
SiAn)

~

lD„{E)a„(E)dE

(2.37)

Figure 2.6 provides the simulation results on a p-type sample with
Na=1018 cm-3 showing the effect of varying defect density and capture cross
section. It can be seen that S increases proportionally with the increase of Da, as
indicated by the expression given in Eq. (2.17) and the simplification in Eq.
(2.37). Meanwhile, the ratio of election and hole capture cross section is shown to
have a pronounced effect on the minimum level of recombination. As is shown
by the relationship in Eq. (2.37), higher electron capture cross section causes Seff
to be higher when the surface is accumulated rather than inverted.
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Figure 2.6. Calculated surface recombination rate as a ftmction of surface charge
density in a p-type oxide passivated samples with N/i= IQi® cm-3, assuming a
single defect at the mid-gap (£/=£,, Q/=0). To simulate the effect of D;, (coloured
lines and symbols), the electron and hole capture cross sections ratio is assumed
to be equal (on=Op=10-i5 cm^), while the variations of capture cross sections (black
solid, dashed, dot-dashed line) were simulated with constant D,t=lxlO" cm-^eV-i.
These simulations were all taken at minority carrier injection level of 4x10^5 cm-s.

2.4. Emitter Recombination
One way to suppress surface recombination in semiconductors is to
minimising the surface minority carrier concentration. Forming a highly doped
region such as an emitter or a back surface field is one approach that may be
undertaken in order to achieve this reduction. Due to heavy doping. Auger
recombination usually dominates recombination within the emitter. In addition,
to model recombination in such a highly doped emitter, the effects of band-gap
narrowing must be taken into account. The variation of dopant density with
position means that numerical approaches are usually required.

Recombination in Crytalline Silicon

The recombination current, Jrec, into the emitter can be expressed as [56]:

=

(2-38)

n,

}oe stands for emitter saturation current density. ]oe is an unambiguous parameter
representing total recombination within the envitter, including contributions
from both the emitter bulk and the emitter surface. The recombination lifetime in
emitter region is relatively constant in low level injection (it is mostly
determined by background doping concentration, NA) and becomes injection
level dependent under high level injection.
For a structure with identical diffused region on both surfaces, ]oe can be
determined from the effective lifetime Teff. The approximate relationship between
Joe and Teff can be written as:

1 _
^eff

1
Auger

(2.39)
^SRH

qn^

W

A well-known method for determining ]oe was intioduced by Kane and
Swanson [55], in which ]oe is determined from the slope of l/Xeff versus An while
the bulk is in high level injection and the emitter is in low level injection [56], Thus,
experiments relying on the observation of Joe usually require siifficiently high
doping concentration at the emitter surface (generally in order of lO^^ cm-3 or
higher) with respect to a very lowly doped substrate. The resistivity of the
substrates used for lifetime measurements in this thesis are mostly above >40
Q.cm (corresponds to

cm-3) and thus, the Joe measurements were always

taken at injection level higher than at least lO^^ cm-3 to conserve high level
injection at the bulk (Am>]V/i). An example of ]oe determination from the Auger
corrected inverse lifetime curve is given in Figure 2.7 for a p^/n/p+ structure
with various ]oe values measured at an injection level 4xl0i5 cm-3.
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Figure 2.7. Auger corrected inverse lifetime curves measured on several samples
with similar structures consisting of two sided boron diffused emitters
(p+/n/p+). The slopes of these curves are used to determine the Joe which are
given by the solid lines. All measurements were taken at bulk injection level of
5x1015 cm-3.
It can be seen that different Joe results in different slope and, in such high
injection, ]oe is constant with the injection level. The experimental method to
deternune }oe will be discussed in the next chapter.
2.4.1. Bandgap

Narrowing

In highly doped emitter regions (generally with doping level greater than
10^8 cm-3), the results of }oe measurements were often found to be overestimated
from what would be expected from the minority carrier lifetime, concentration
and mobility [19]. This is suspected to result from either the non-uniformity of
states densities and the ionisation of the acceptor or donor atoms, or from the
apparent bandgap narrowing. Consequently, the pn product in equilibrium was
believed to be violated from the original squared intrinsic carrier concentration.
This is shown in Figure 2.8. Thus, new parameters to be used under these
circumstances were introduced, namely effective carrier concentration (riieff) and
apparent bandgap narrowing(AEg,app). The mathematical relation of these
parameters is given in Eq. (2.16) where n,>/> n,^.
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Figure 2.8. PCID simulation describing the effect of band gap of within heavily
doped p^ region with Ns=lxl02o cm-^ on an n type substrate, as shown by the: a),
energy band diagram; and b). carrier concentration. The bandgap narrowing was
modelled using the parameter proposed by Cuevas et al. [61]
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(2.40)

The apparent bandgap model for a p-type emitter region is given in Eq.
(2.41), where the same expression is also applied for n-type by substituting Na
with Nd [9], Therefore, parameters used as slope and onset allow the equilibrium
pn product to vary depending on the local doping. For the doping concentration
below the onset, the apparent bandgap narrowing AEg,app is close to zero.

^g.app = slope In

onset

Investigations to determine the parameters in bandgap

(2.41)

narrowing

expression in order to examine the effect of heavily doped emitters have been
performed by several authors [9,19, 57-63]. In analysing B emitters, the bandgap
narrowing parameters proposed King and Swanson [19] (used in [19, 64, 65])
and Cuevas et al. [61] (used in P C I D and [66]) shown in Table 2.1 are the most
common parameters used. In their models. King et al. used the old n, value (at
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300K), i.e. 1.45x1010 cm-3, while Cuevas et al. performed their calculation using
Sproul and Green's

=1x101° cm-3 [8]. Both calculations were modelled using

Maxwell Boltzmann statistics.
Table 2.1. Bandgap narrowing parameters proposed in several literatures.
Model
King and Swanson [19]
Cuevas eifl/. [61]

Slope (meV)

Onset (cm-3)

17.8

2.0xl0i7

14

1.4xl0i7

In a heavily doped regions (in particularly for doping level above IxlOi^
cm-3), the semiconductor degeneracy and Pauli blocking effects need to be taken
into account. As such, the determination of pn product using Boltzmarm
statistics can introduce some error. The Fermi-Dirac statistic therefore needs to
be applied. A recent model in calculating bandgap narrowing using Fermi-Dirac
statistic was

proposed by Altermatt et al. [62], using a newer bandgap

narrowing approximation based on quantum mechanical principle by Schenk
[63]. This model will be employed later in this thesis.

2.5. Summary
The theory of recombination which covers the bulk, surface and emitter
area is described in this chapter. For the case of recombination at the surface,
there are additional parameters that should be taken into account due to the
presence of an electric field that introduces band bending. Likewise in charged
surface, the variation of dopant density with position in diffused region requires
numerical approaches in order to estimate the recombination parameters in the
surface and emitter. In addition, the bandgap narrowing effect also needs to be
taken into account.

Recombination in CrytalUne Silicon

Total recombination within the emitter is represented by a parameter
called emitter saturation current density

(Joe),

while the surface recombination in

the emitter, as well as on a charged surface when the band bending is present, is
represented by an effective surface recombination velocity

(Seff).

The magnitude

of Joe and Seff is expected to be minimised by applying a surface passivation layer.
Thus, these parameters are significant in investigating the electronic properties
of B emitters. Methods to characterise the degree of such properties will be
discussed in Chapter 3.
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Characterisation

3.1. Lifetime Measurement
Various measurement techniques have been established [67] to quantify
several recombination related parameters which represent the degree of surface
passivation,

such

as

emitter

saturation

current

density

and

surface

recombination velocity. These parameters are determined by a measurable
variable named effective lifetime. Consequently, the measurement of carrier
lifetime has become a critical necessity in semiconductor device characterisation.
There are two common approaches for this measurement depending on the
illumination mode. One is made by measuring the decay of photogenerated
carriers after a very short generation, while the second method employs the basic
principle

of generation and recombination

equality under steady

state

illumination. Each method has its own advantages and weaknesses. The details
of these methods will be discussed in the next sub-chapters.
Both methods mentioned above necessitate the knowledge of excess
carrier

density

(An).

This

can

be

determined

from

the

change

of

photoconductivity value (relative to its value in the dark). The increase of
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photoconductivity

under

illumination

(Aa),

which

is

a

result

of

the

photogenerated excess carrier concentration, can be expressed as:

where fi„ and ^p are the mobility of electrons and holes, respectively (typically
}i„<UOO cm2V-is-i and jip^SO cm^V-is-i at 300K [68, 69]), and W is the sample
thickness. The values of n„ and /ip are functions of temperature and carrier
density and, therefore, injection level [70, 71]. Eq. (3.1) above can be used to
determine the average excess carrier density Anm.
While in principle the photoconductivity can be used under a broad
range of conditions, including when the excess carrier density An(x) is highly
non uniform, in practice the interpretation of results with highly non uniform
An(x) is difficult. It is therefore desirable to ensure that the carrier densities are
uniform throughout the sample. The assumption of uniform carrier densities is
generally valid when the diffusion length of the minority carriers is greater than
the wafer thickness (L»W) [72],
A WCT-100 photoconductance instiument by Sinton Consulting is
employed for lifetime measurements throughout this thesis. The basic principle
of this apparatus is to employ a contactless inductive coil that will sense the
conductivity of the illuminated samples. The change of conductivity on the
sample due to illumination affects the inductance of the coU and, thus, changes
the output voltage (referred as photovoltage). During the measurement, the
generation rate is determined by the illumination intensity that can be calculated
from the short circuit current of a reference cell that receives the same
illumination as the test wafer. Prior to the measurement, the circuit is balanced
by adjusting the output dark voltage of a sample with known conductivity. The
constants used for the extiaction of Teff from the spreadsheet of Sinton lifetime
tester used in this thesis are listed in Table 3.1.
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Table 3.1. List of fixed parameters set in the Sinton lifetime tester spreadsheet
that were used during all of the lifetime measurements in this thesis.
Description

Parameter
m

Intiinsic carrier concentration at room

Value
8.6x109 cm-3

temperature
CAuger

Auger coefficient

1.66x10-30 cm6s-i

Mn+Mp

The sum of electrons and holes mobility

1700 cm2V-2s-i

}ph

Photogenerated current at one-sim

38 mA/cm2

illumination in the reference cell

3.1.1. Transient

Analysis

In this method, a brief illumination pulse is generated and then abruptiy
terminated. The purpose of this approach is to measure the rate at which carriers
disappear due to recombination following the termination of generation.
Therefore, this method (referred as transient photocondiictance decay method - PCD)
essentially measures the relative change of excess carrier density against time
(dn/dt). The transient measurements are undertaken during the decay of
photoconductance which corresponds to the decay of photovoltage following the
cessation of light (see Figure 3.1). As such, tiie measured lifetime can be
determined as follows (with negative value representing a decrement) [73]:
1
1

dn

(3.2)

A«,„, dt
Consequentiy, this technique does not require the generation rate to be
known due to the absence of light during the measurement. Thus, one possible
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source of error is removed because the optical characteristics of the test wafer are
not required. However, the constraint of this method is related to the ability to
measure relatively low lifetimes. The effective carrier lifetime of the sample
measured with this method should be much higher than the time decay constant
of the flash {Teff>Tflash); thus, this metiiod is generally not suitable for measuring
low lifetimes (<~100 |is).
3.1.2. Quasi Steady State

Analysis

Under a steady state illumination, the recombination and generation of
electrons and holes are in balance {G=U). Hence, if a generation rate of a known
value is maintained, then the lifetime can be simply derived from the
recombination rate. Given the classical relationship of recombination and carrier
lifetime in Eq. (2.1), the generation rate (Gl) in steady-state condition can be
expressed as:

Gl = —

(3.3)

Auav is obtained from the photoconductivity measurement (as given in Eq. (3.1)),
while GL is the determined from the measurement on the reference ceU.
In practise, an ideal steady-state condition is difficult to achieve and, in
addition, can put a risk of overheating the sample. Therefore, in order to
overcome the limitations of transient and steady-state technique, Sinton and
Cuevas

[74]

introduced

another

method

namely

quasi

steady

state

photoconductance (QSSPC) which is essentially a combination of both techniques
mentioned. In this method, the intensity of the Ulumination is varied slowly with
time. A typical photoconductance profile which is a result of such illumination is
illustiated in Figure 3.1.
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Figure 3.1. Typical photoconductance decay profiles measured using transierrt
and quasi steady state analysis on a two-sided boron diffused sample as the
result of different illumination conditions (not shown).

To measure the effective lifetime using this method, it is necessary to
determine the generation rate and excess carrier density as a function of time.

G,{0

=

W

(3.4)

lav is the illumination intensity (in suns), Nph is the total photon flux incident on
the surface of the wafer per unit area and fabs is the absorption fraction of the
wafer, which is dependent on the surface reflectivity and wafer thickness, lav is
measured using the reference cell (in the apparatus, this is depending on the
resistor setting). The value of JVp/, used throughout the calculation of lifetime
using this technique can be found in Table 3.1, while fabs is normally determined
from the measured reflectance values of similar samples.
Nagel et.al.

[75] have developed a generalised analysis within this

method to define the net photogeneration rate that takes the decay of carrier
density (dn/dt) into account. This approach is known as

generalised-QSSPC
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method. By correcting the generation rate given in Eq. (3.4) with net
photogeneration and, hence, combining it into Eq. (3.3), the effective lifetime
measured with generalised-QSSPC method can be expressed as:

^^^

dt

This method enables the study of injection level dependant lifetime with
a broader range, from a very low (<100 us) up to a very high lifetime (several
ms) over a wide range of carrier densities (generally from lO^^ to

cm-^). As

illustrated
in Figure 3.2, the transient method often gives invalid results under
high injection levels (in this case >1.3x101^ cm-3), because the photogeneration of
carriers had not yet ceased so that the zero photogeneration does not hold
(GL#0).

hi

the

generalised

technique,

the

limit

of

the

measured

photoconductance is determined by the calibration on the coil prior to the
measurement. Nevertheless, for the case of moderate to relatively high lifetime,
the Joe and Xeff measured using tiansient and generalised-QSSPC analysis are often
in a good agreement (see Figure 3.2). One of the factors that can cause a
relatively small difference between these two methods is Ukely due to the
inaccuracy of absorption fraction (fats) that is used during the calculation of
generalised technique.
In this thesis, both tiansient and generalised-QSSPC analysis are being
used simultaneously depending on the characteristic of the lifetime for each
sample. The uncertainty related to the optical properties of the sample on
generaUsed technique is always kept below 20%, by confirming the results with
tiansient technique for the case of moderate to high lifetime samples.
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Figure 3.2. A typical measured/effective lifetime graph of oxide passivated 50
nm boron diffused sample measured with transient and generalised technique.

3.1.3.

JoeDetennination

The samples used in this work were almost always symmetrical, with
identical diffusions a n d / o r insulators on both sides. This condition allows the
assumption of identical surface recombination for both surfaces, which therefore
eases the determination of }oe for each side as initially proposed by Kane and
Swanson [56]. ]oe is calculated from the curve of the Auger corrected inverse
lifetime as a function of injection level - in other words, the expected
contribution from Auger recombination to the inverse lifetime is subtracted to
obtain inverse lifetime resulting from SRH recombination only. ]oe can then be
extracted from Eq. (3.6), where l/Jeff.A is the Auger corrected inverse lifetime for a
specific injection level. This equation is obtained at high level injection in the
bulk {nb=pb), in which the bulk SRH lifetime is expected to be independent of
injection level, and low level injection at the surface.
1

1

''eff,A

'^SRH

qnfW

(3.6)
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The method in determining Joe in this thesis is expressed in Eq. (3.7)
where ]oe is measured as a slope of l/Teff,A within a certain range ot An. This is
illustrated in Figure 3.3. In this thesis, the Joe values are always measured within
30% of the specified injection level, i.e. 4xl0i5 ± 1.2xl0i5 cm-3. Based on the
general expression of Joe given in Eq. (2.39), and also as proposed in Ref [56], the
bulk lifetime n in high level injection can be mathematically derived when An= NA which is an extrapolation of Auger-corrected I/t^^ plots.
1

1

'•EFF2,A

1

12000

(3.7)
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Figure 3.3. An example of ]oe derived from the slope of Auger corrected inverse
lifetime versus carrier density within 30% of the specified carrier density of
4x10^5 cm-3 (denoted by the star).

3.2. Electron Paramagnetic Resonance
Electron paramagnetic resonance (EPR) also referred as electron spin
resonance (ESR), is an analytical tool to characterise paramagnetic defects, called
Pb centres, due to unpaired electrons which coexist in dangling bond structure of
silicon-insulator. As such, this apparatus could be utilised for detecting defect
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properties (configuration and density) atti'ibuted by Si dangling bonds in
Si/Si02 interface. Note that only the paramagnetic defects can be detected by
EPR.
There are great numbers of materials that contain paramagnetic entities
such as free electron at conduction band, election trapped in radiation damaged
sites, and impurities in semiconductors. Most trapping centres will capture
election or hole. If either an electron or a hole is captured, the magnetic
properties of the trapping centie will be changed, either initially diamagnetic
centre rendered to be paramagnetic or vice versa. The paramagnetic tiaps are
called "EPR active". Therefore, the basic approach of EPR measurements is to
identify the response of unpassivated defects which are detected to be EPR
active and accordingly can be used to measure their defect density.
The EPR measurement is performed by applying a stiong magnetic field
to the sample containing paramagnetic defects, whereas the magnetic moment
arising from the electron spin of the unpaired electron will be oriented as they
are very sensitive to the applied field. The orientation of the magnetic field can
be performed on parallel or perpendicular direction to the Si surface
orientation, as illustiated on Figure 3.4.

Si
Si — Si
Si
Figure 3.4. Illustration of Pb center in (111) silicon stiucture which is defined as
an unpaired silicon atom back bonded to three silicon at the Si/Si02 boundaries.
The dash arrow and solid arrow represent a parallel and perpendicular magnetic
field direction during the EPR measurement, respectively.
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The applied magnetic field creates distinct energy levels for the unpaired
electrons and allows the net absorption of electromagnetic radiation in form of
microwaves. The resonance condition will occur at the time that the energy of
the microwaves corresponds to the energy difference. The absorption or
emission of microwave energy between these two spin states is described by
Planck's law as [76]:

AE = hu = gpB

(3.8)

where AE is the energy difference between the two spin states. It is Planck
constant, v is the microwave frequency, g is the Zeeman splitting factor, p is the
Bohr magneton, and B is the applied magnetic field.
The nature of the Pb centers has been established by several authors.
Nishi and his co-workers [77] published the first observation of this defect which
was primarily found in (111) Si/Si02 interfacial structure. They describe Pb
centres as 'trivalent silicon' centres at or very near to the Si/Si02 interface with g
signal parallel and perpendicular corresponding to the (111) direction (as shown
in Figure 3.5).
ABnn.

b.

Figure 3.5. A typical example of EPR spectra as the result of Pb center on (111)
surface for the magnetic field direction: (a), parallel, and (b). perpendicular to the
(111) plane. The area within the broken lines is the resonance point at which the
peak to peak line width (ABpp) is measured and then calculated using double
integration to obtain the value of Pb center density.
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Later, Poindexter et. al. [78, 79] also observed more precise g parameters in (111)
and found two different variants, Pm and Pbi, in (100) system. They showed that
g signals of Pf, in (111) and Pto in (100) were virtually similar, which suggested
that those two centres are essentially identical, i.e. silicon dangling bond defects
in which the unpaired silicon resides on silicon back bonded to another three
silicon atoms at the Si /Si02 interface. However, the detailed structure of the PM
centre remains unclear, although most of the reports indicated that all of these
defect types are found

at the interface area.

Further,

there were

also

controversies on analysing the location of Pbo and Pm at the (100) surface. Stathis
and Doris [80] argued that those defects were fundamentally different from
dangling bond and they were laid deep under the silicon, away from the
interface.
The EPR measurements in this thesis were performed in a system named
Bruker 300E spectrometer at X band (-9.44 GHz), fitted with an Oxford ES-9
liquid helium cryostat with temperature control via an Oxford lTC-4 controller.
The modulation frequency used is 100 kHz with modulation amplitude of 1 G
and a microwave power of 20 W. The measurements were undertaken at a
temperature of 7° K. Samples were placed in a 3 mm internal diameter quartz
EPR tubes, which were flushed with pure argon to remove oxygen and
subsequently frozen to 77° K. The spin number, representing the Ph centre
density, was calculated by the double integration of the original signal relative to
a standard solution signal obtained under similar conditions, using following
expression [81]:

D i i f ^ y r
Spin

number = K

I p ^
M^GJmwps^A

(3.9)

Where DI is the double integration value of the signal, SWG is the swept field
width (G), #pts is the resolution (points), T is the temperature (K), MA is the
modulation amplitude (G), GN is the receiver gain level, A^fWP is the microwave
power (W), SN is the scan number, and A is the measured area (cm-^). K is a
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constant determined by calibration using CU2SO4 solution of known molarities. K
value extracted from this solution signal calibration was 2.24x10". During this
measurement, the angle between the sample surface and the magnetic field is
maintained below 3°. In general, a standard EPR measurement may detect at
least 1010 defects/cm2 [82],

3.3. Kelvin Probe
The Kelvin probe is a non-contacting apparatus that can be used to
measure the surface potential of a non-metal or work function of a metalized
surface. This system employs the principle of capacitance measurement between
a vibrating tip and a specified semiconductor surface.

As the probe vibrates

vertically, the capacitance between the metal tip and the sample will change
simultaneously. This basic mechanism of a Kelvin probe system is described in
Figure 3.6.

ciVc
q<J>i
Ef,.

Air gap
—

+

—

+

—

+

q<i>:
q't'i

q<l>2
Epj

Air gap

• Ef,

Ef,

Vb=-Vc

a.
Figure

3.6.

Schematic

b.
diagram

showing

the baseline

of

Kelvin

probe

measurement system: a. The Fermi levels of two different materials are aligned
following an electrical contact, resulting in a gradient potential difference (Vc), b.
Backing voltage (Vh) is applied considerably as opposed to Vc such that Vc is
fully compensated [80].
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When two conducting materials with different work functions are connected
with an electrical contact, the Fermi level will be equalised and this will result in
a potential difference (Vc), This potential gradient can be diminished by applying
a "backing contact" voltage (Vt) from an external circuit. At a certain point, Vh
can be adjusted to obtain

Vh=-Vc

such that the electric field between these

surfaces converges to zero [83],
In this thesis, the Kelvin probe was used to measure the charge densities
on silicon surfaces following charge deposition in the corona charge chamber.
Kelvin probe measurements can be used to determine surface charge densities if
the work function difference between probe tip and the substrate material
(silicon of the same doping as the samples to be measured) in the absence of any
surface charge (Vho) is known or determined as:
(3.10)
where OM is the metal work function and <J>si is the work function of the silicon
substrate in the absence of charged surface layers.
The corona charge density at the surface as a function of surface
potential can then be determined using the following expression:

Q s = ^

(3.11)

where Vch =Vh- Vho is the difference between the backing voltage and VM, di is the
insulator thickness and e, is the permittivity of the insulator relative to
permittivity at vacuum level. This expression neglects work function changes
due to band bending in the near-surface region of the silicon substrate. A more
accurate expression to determine Qs at Vb values between -0.3 V and 1 V which
takes these changes into account was proposed by Baker-Finch and Mcintosh
[84].
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3.4. Corona Charge
In some experiments within this thesis, the ability to modify the surface
conditions (i.e. to accumulate, deplete or invert the surface) is desirable in order
to characterise the properties of the certain interface.

This can be done by

applying a gate voltage on a metal insulator semiconductor (MIS) structure, or
alternatively, by depositing a surface charges which can be deposited through a
corona discharge chamber. The contactless corona discharge technique has the
advantage of being less susceptible to insulator breakdown than a MIS structure
due to the lower mobility of corona charge ions [85]. Through an EPR study on
Si/Si02 interface, Dautrich et. al. have shown that this system can be considered
to be non invasive, irrespective to the oxide thickness, for the case of low-field
corona bias, i.e. below 2 MV/cm [86].
The basic corona charge system at the ANU consists of a single point
needle connected to a potential of either polarity which is located several cm
above a grounded metal base plate (the schematic illustration is shown in Figure
3.7). This plate functions as the second electrode in which the sample is being
mounted. The potential difference between this needle and the grounded
metallic sample holder creates an electric field that can ionize air molecules near
the needle and subsequently repel the ionized air molecules with the same
polarity as the needle toward the sample. These ions arrive at the sample with
low kinetic energy - 1 / 4 0 eV (for an applied voltage of 6 kV or more) [87]. With
such a relatively low kinetic energy, the ions from corona discharge cannot
penetrate into the insulator layer, and are simply deposited on the surface. The
dominant ionized air molecules during negative bias are comprised of CO^-,
while positive bias is dominated by (H20)nH'^, where the n value ranges from 2
to 5 depends on the relative humidity of the atmosphere [48, 87]. These charges
can be easily removed in water [88] or, alternatively, in isopropyl solution (IPA)
[89] for a relatively short time.
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As shown in Figure 3.7, a gate made of A1 mesh is additionally mounted
~1 cm away from the sample surface. The mesh gate is connected to a separate
power source with a voltage of 300V. The polarity of the needle and mesh gate
potential is switched by changing the leads on the power supply. This gate
imposes an upper limit on the surface potential of the sample and therefore
results in more controlled charging. It also helps to improve the uniformity of
the charge lateral distribution on the sample surface. Similar configuration is
used in Ref [90].

Figure 3.7. Schematic view of corona discharge chamber (not to scale), showing
the setup for negative charge deposition on a silicon sample. The position of both
mesh gate and needle are adjustable.

A routine calibration in order to determine the surface charge density
(Qs) as a function of charging time was carried out prior to any experiment each
day to minimise the error due to atmospheric change. In general, Qs initially
increases linearly with charging time, until it saturates when relatively high
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density of charge is achieved. Such effect is determined by the characteristic of
the relevant insulator.

3.5. Capacitance-Voltage
The basic approach of capacitance-voltage measurement is to explore the
characteristics of the MIS structure by measuring the changes in capacitance
under variation of dc voltage at the gate with an adjustable ac frequency. The
device structure used during this measurement is shown in Figure 3.8.

insulator

V,:

Figure 3.8. Schematic of Metal-lnsulator-Semiconductor (MIS) structure and the
equivalent capacitance circuit during C-V measurement.

The measured capacitance from the C-V measurement is determined by
the insulator capacitance, C„ which is a constant and the capacitance of the
silicon space charge region, Cs„ which is dependent on the applied gate voltage,
Vg. These two capacitances are in series, hence:
1

C(Fa)

=

1

C,
—

1
+ •

(3.12)

Under an accumulation, the attraction of majority carriers toward the
surface causes Cs, to increase so that the total capacitance is dominated by C,
(C~C,). Therefore, the maximum capacitance of an insulator can be determined
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by measuring C xinder this condition, in which C is independent of the applied
frequency. As the VG is swiped toward positive value, the majority carriers
concentration at the surface is reduced (hence the Q and the surface is shifted
toward flat-band.
When the surface reaches depletion and continues to inversion, the
response of the charged carriers varies depending on the ac signal frequency (see
Figure 3.9). At low frequencies (also referred as quasi-static measurements), the
capacitance ( C l f ) is measured from the ratio of the change in charge to the
change in VG (dVc/dt). Under inversion, the total capacitance resembles the
accumulation condition due to the removal of minority carriers following
generation and recombination mechanism which causes the increase of Cs, in
response to the VG variations. For the case of high frequency (>100 Hz), the
carriers exchange could not keep up with the voltage sweep rate. As the result,
the depletion layer at equilibrium remains large and the total capacitance ( C h f )
remains small under strong inversion. More detailed explanation about the C-V
measurements theory can be found in Ref [91],

CLF

6
accumulation

-6

-4

deletion

-2

Vrs

inversion

0

"^CHF

:

G a t e V o l t a g e (V)

Figure 3.9. C-V characteristics of MOS structure on p-type Si obtained using low
frequency {CLF) and high frequency (Chf) measurements. VFB represents the flat
band voltage [45].
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3.5.1. Flat-band Voltage

Determination

In the absence of charge at the insulator or at the interface, a flat-band
voltage (VFB) can be simply expressed as the difference between metal gate work
function (<J>m) and the silicon work function (<J>s), or equally,

VFB=

(^MS-

The value

of 0M can be obtained from published values depending on the type of material
being used. Meanwhile, (Ps depend on the Fermi energy which accordingly
determined by the doping concentration as well as the doping type. For a p-type
substrate, under thermal equilibrium when no charge exists and the gate voltage
VG=0, 0MS on an ideal MIS capacitor is defined by Eq. (3.13) where X is the
electi-on affinity of silicon (4.05 V [91]).
kT
2g

In

N,

(3.13)

In reality, the presence of charge within the insulator and insulatorsemiconductor interface can affect VFB. Hence, VFB corresponds to the certain
value of VG that when it is applied it can induce a flat energy band in the
semiconductor while the effect of charges has been accoimted for. Given an
insulator with a thickness of d, charge density located at interface, Qu, and the
total charge density distributed within the insulator, pi(x), VFB is given by:
a + — p,(x)xdx
vC,
0

(3.14)

where the insulator permittivity £,, is determined by the insulator capacitance C,
(obtained from the accumulation capacitance), and the area of the metal gate A.
C, =

s.A

(3.15)

By combining Eq. (3.13) to (3.15), the measurement of flat-band voltage and
accumulation capacitance can therefore be used to estimate the amount of charge
within an insulator.

Characterisation

3.6. Summary
This chapter presents an overview of the experimental characterisation
techniques used in this thesis. In addition to the above mentioned techniques,
there are several additional characterisations that were briefly employed during
the experimental works, such as spreading resistance measurement (using an
outsourced service to characterise the emitter profiles) and Filmetrics thin fikn
measurement system. Some of these techniques will be combined in the later
part of this thesis in order to characterise the electronic properties of B diffused
emitters featuring a certain passivation structure.
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Investigation of Si/Si02 Interface
Properties on Boron Emitters

The examination of B diffused surfaces featuring thermally grown oxides
is described in this chapter. The interface properties of an oxide grown at
moderate temperatures are of particular interest; when grown at moderate
temperature, the oxide may be suitable for industrial applications. Baseline
samples in this investigation feature an intermediate layer of thermal oxide
capped with stoichiometric LPCVD silicon nitride. An initial investigation is
performed in order to determine the dependence of the density and properties of
defects generated at the Si/Si02 interface on the B surface concentration and
total B dose, by employing EPR and photoconductance decay measurement.
Additionally, the long term stability of B diffused emitters with a thermal oxide
is investigated by measuring the effective carrier lifetime and emitter saturation
current density of such structure following long term storage. This investigation
is performed based on the evidence that the B emitter sti-uctures featuring an
oxide are not stable even in the dark, but degrade over a period of days to years
[92], The long term investigation in this chapter involves both structures with
and without the presence of an LPCVD silicon nitiide layer.
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4.1. Introduction
4.1.1. Oxide Passivated Boron Emitters
The Si/SiOz interface is of particular importance in MOS structures and
devices, and has been intensively studied since the 1960s. In comparison with
other dielectrics, the characteristics of the Si02 interface with Si are particularly
well known. Of relevance for the passivation of solar cells is the fact that a
thermally grown Si02 is able to produce a low interface state density (D,()
compared to other passivation layers [50]. Particularly low D,( is achieved by
high temperature oxidation (1100-1200oC). The Si/Si02 interface is comprised of
a 'suboxide' layer (called SiOx) that lies at the junction between Si02 and Si layer
and is believed to be non-stoichiometric. This layer is of most interest in solar cell
applications, because highly recombination active interfacial states exist within
this layer. Interface states are identified and classified according to their bonding
configuration and distributions within the band gap in Ref [93].
Investigating the fundamental Si/Si02 interface properties at heavily
doped surfaces (i.e. Da, a„, Op, S„ and Sp) is more complicated than for undiffused
surfaces for several reasons.

Measurement techniques that are commonly

employed to analyse the aforementioned surface properties, such as capacitancevoltage measurement, yield only limited information for highly doped material,
and with a greater error margin. In addition, the variation of doping
concentration within the emitter further complicates the determination of Aiis
and, hence, the surface recombination rate. Us, due to the uncertainty in
determining the surface doping concentration, Ns.
In emitter fabrication, one key goal is to minimise the minority carrier
density at the surface. A lower surface minority carrier concentration under
equilibrium leads to a lower excess minority carrier concentration under an
applied bias. Consequently, assuming all other things are equal, lower surface
recombination

can

be

attained.

A

decreased

surface

minority

carrier

concentration can be achieved by increasing the surface doping level in the p+
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emitter. However, there is evidence, based on capacitance-voltage measurements
reported by Snel [18], that high surface concentrations of P and B dopant atoms
induce interface defects at the Si/SiOz interface. For B, the onset of this effect was
reported to occur when the surface doping level reaches IxlO^^ cm-^. The same
effect was observed for various doping methods, including diffusions [18, 64,
81].
The analysis of surface recombination in B doped emitters with respect
to either surface doping level or sheet resistance has been reported by several
authors. Similar to P emitters, most of the references showed that the
recombination within the B emitter is reduced as the sheet resistance increases.
This is shown in Figure 4.1. Nevertheless, a direct comparison of the data from
the various publications is difficult due to different sample preparation, methods
and, possibly, injection levels during the measurements. In contrast to the data
with respect to the sheet resistance, available data concerning the relation
between B surface doping and surface recombination are rather contradictory.
An early comprehensive investigation of B emitters was reported by King
and Swanson [19]. In this work, atmospheric pressure chemical vapour
deposited (APCVD) B doped Si02 was used to form the emitter region. Based on
the Joe contour mappings, this reference showed that the }oe distribution of B
emitters has larger variations when it is compared to similar experiments on P
doped emitters [20]. Most importantiy. King and Swanson concluded that the
surface recombination (S) is relatively independent of surface doping (Ns) for a
certain doping range, i.e. S is approximately 1640 cm/s for Ns between SxlQi^
until 3x10" cm-3. This is in contrast to the previous finding by Snel [18].

A

similar experiment was undertaken by Cuevas et al. [64]. In this case, the doping
was achieved using a BBra source (it is worth noting that this technology is more
common in more recent literature). Once again, it was shown by Cuevas et at
that analysing the performance of B diffusions is rather more complicated than P
diffusion as indicated by the scattering of ]oe data with respect to sheet resistance.
Nonetheless,

a weak

trend was

observed,

indicating

that

the

surface
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recombination velocity in oxide passivated samples increases as the B doping
level increases. Cuevas et al. proposed a mathematical expression showing that
Sn increases with the increase of Ns. However, they acknowledged that this
relation has significant uncertainties due to the large scatter in their experimental
data.
Jellet et al. [94, 95] and Jin et al.[21] used carrier lifetime and EPR
measurements on (111) oriented samples to show that the Si/Si02 interface
properties of B diffused surfaces are inferior to those of imdiffused surfaces, as
indicated by an increase in both the density of the dominant interface defects (Pb
centies) and surface recombination. However, there is littie data on the
relationship between B surface concentration, B emitter profile or total B dose
and the extent of the interface degradation.
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Figure 4.1. Emitter saturation current for various sheet resistances on B emitter
reported by several authors.

A review of the literature shows that recombination in a thermal oxide
passivated B emitter is generally found to be significantly higher than that of a P
emitter of similar sheet resistance. This is partly due to the high solubility of B in
Si02 [96]. This phenomenon can cause a reduction in the boron concentiation at
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the surface of the emitter, commonly referred to as surface depletion, which is
detrimental to surface passivation. A study by Benick

etal

[97]

has shown that

there was a strong loss of total boron concentration in the emitter (up to 70%)
after a 105 nm thick oxide was grown. Thicker oxide generally leads to higher B
reduction. Further, the depleted B atoms at the Si surface, which are segregating
into the Si02, were suspected to affect the fixed charge density within the oxide
[98]. As such, this fixed charge density is believed to be enhanced as the B
surface doping concentration increases [98]. The higher density of positive
charge is detrimental to the passivation of the p'" layer - in such a system,
minority carriers are attracted to, rather than repelled from, the Si surface.
Ideally, the segregation of B further into ti:ie Si02 should be minimised. This can
be achieved by minimising the thickness of the passivating oxide.

4.1.2. LPCVD Nitride/Oxide Stack
Low pressure chemical vapour deposition (LPCVD) is known as a film
deposition process that can provide nearly stoichiometric nitride film properties
(referred as Si3N4). The nitride film deposited in LPCVD is hard and able to
withstand high temperature treatments.

Hence, it is commonly used as a

diffusion or oxidation mask in electronics device fabrications. In addition, it is
also known to have higher breakdown strength, i.e. 10 MVcm-i, compared to a
similar film deposited in plasma enhanced chemical vapour deposition (PECVD)
system [99,100].
It has been found that LPCVD nitride films deposited directiy on silicon
can introduce defects in the silicon bulk [26]. These defects are attributed to the
micromechanical stress by the nitride [101]. In addition, LPCVD nitiide offers
poorer passivation quality than PECVD nitride. In order to improve passivation,
a thin oxide is often grown as an intermediate layer underneath the nitride. The
extent

of

the improvement

in surface

passivation

obtained

by

LPCVD

nitiide/oxide structures can be foimd in Ref [26, 81, 102, 103]. However, the
determination of oxide and nitride film thickness should be carefully chosen in
order to optimise both the optical and the electronic properties in such structure.
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The stack providing greatest reduction in front surface reflectance, for instance,
does not necessarily offer optimal surface passivation.
The effect of a B diffusion on the interface properties of LPCVD
nitride/oxide/Si stacks has been investigated to a very limited extent. Jellet et. al.
[94] showed that a lightly doped B diffused emitter exhibits higher ]oe imder
accumulation compared to undiffused samples, indicating that boron diffusion
does induce significant defects at the interface. However, the effect of B surface
concentiation or total B dose on surface recombination was not investigated.
Based on the aforementioned data, it appears that the Si/Si02 interface
quality of B diffused surfaces can be significantiy worse compared to that of an
imdiffused surface [19, 21, 65].
This thesis aims to elucidate the effect of the B diffusion on the interface
properties of an industrially feasible oxide. Here, an industiially feasible oxide is
defined as an oxide that meets two criteria. A first priority is to keep the postdiffusion processing temperatures as low as possible. With this approach, the
likelihood of contamination is decreased, and, importantly for B emitters, the
depletion of boron from the near surface region is limited. Based on previous
comparisons of B diffused and undiffused surfaces, this condition is critical [19,
21, 65]. A second requirement is that the selected oxide thickness should cause
minimal impact on the optical properties (anti-reflection) when covered with a
nitride layer. As an extension to the fundamental analysis, surface charge is
applied in order to reveal some further details regarding the effect of B surface
doping upon the Si/Si02 interface properties.
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4.2. Investigation of Boron Surface Concentration Effect upon
Si/Si02 Interface Defects using Electron Paramagnetic
Resonance Analysis
This sub-chapter aims to investigate the Si/Si02 interface properties of B
diffused surfaces with different surface doping concentration using EPR
measurements. This experiment allows a direct comparison of the Si/Si02
interface properties of undiffused and B diffused (111) surfaces, through the
determination of the density of unpassivated Pb centers. The reason for choosing
(111) oriented wafers is due to the ease of detection of the dominant Pb defect at
the (111) Si/Si02 interface [77-80].
The oxidation process chosen in this section includes wet and dry
oxidation at a relatively low temperature. In each case, process parameters were
adjusted in order to obtain a 20-30 nm oxide. This thickness range is of interest
because an oxide in this thickness range as part of an oxide/ nitiide stack results
in a relatively small reduction in the optical performance, yet may be able to
provide relatively good electronic properties [81]. The wet oxidation is chosen as
the first oxidation step due to the more rapid oxide growth at a given
temperature, which should limit the extent of the B depletion at the surface.
Since a dry oxidation produces a higher density oxide and a better Si/Si02
interface, this process was subsequentiy chosen as the last oxidation step.
4.2.1. Experimental Details
Samples used for EPR measurements were n-type, 3000-5500 Q cm, (111)
oriented, double sided polished Float Zone (FZ) wafers. Wafers with very low
doping were chosen as the substrate to prevent any signal interference due to
phosphorous from the sample bulk. Samples were cut into quarters with a
diamond saw and each quarter was patterned to obtain strips with a size of 25
mm X 2.5 mm^ which were still retained in the wafer frame. These quarters were
subsequently etched in acid solution for 8 minutes to remove at least ~30|im saw
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damage from the surfaces. This step is followed by cleaning process in RCA
solution to remove any metal and organic contamination. The details of the
sample preparation hereafter can be found in Appendix A.
One set of samples did not receive any diffusion while other samples
received boron diffusions with different recipes to obtain nearly the same sheet
resistance but with different boron concentrations at the surface, Ns. Both
samples that were expected to have a relatively higher and lower Ns received
different boron diffusion recipes from a liquid BBra source at 900oC. All samples
were subsequently oxidized using a wet oxidation at 850°C for 10 minutes
followed by a dry oxidation at 900oC for 20 minutes, resulting in an
approximately 30 nm thick oxide. This step was followed by in-situ anneal in
nitrogen ambient at 900°C for 20 minutes. Prior to the EPR measurement, all
samples were annealed in rapid thermal anneal (RTA) chamber at 700°C for 3
minutes in N2 flow to de-passivate the interface defects and allow the signal
detection of the Pb centies. Following this process, all samples are cleaved into
small stiips to fit into the EPR tube.
4.2.2 Results and Discussions
The emitter profiles of B diffused samples were characterised using
spreading resistance analysis (SRA), carried out by Solecon, Inc., U.S.A. The
basic approach of this technique is to employ a two point probe system by
measuring the resistance along a beveUed surface. When several millivolts are
applied on the measured sample through small probes, the local resistance is
measured and the density of electiically active carriers thus can be calculated
[104]. According to Solecon, the determination of the carrier concentiation is
accurate to within 20%, while the depth scale is accurate to within 3%.
In this experiment, the emitter profiling was performed on the actual EPR
samples, i.e. mirror polished wafers as is required for SRA measurement. The
profiles, following all process steps, are shown in Figure 4.2 and the detail of the
measurement results for each sample is given in Table 4.1. The values of Ns were
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obtained by extrapolating the three first measured data, up to 50nm in depth.
The sheet resistance data after diffusion, as obtained from 4 four point probe
measurements, shows a good agreement between the two samples. However,
following oxidation, the final sheet resistances are slightly different.

This is

because the oxidation step has contributed to a further drive in causing an
expansion of the diffused emitter. Prior to oxidation, sample " b " already has a
deeper jvmction compared to sample "a", hence, the depletion of the B surface
concentration during the oxidation has less influence on the total sheet resistance
measured. In general, a significant difference on the surface concentration is
indicated between the two samples, while the total B dose is considered to be
relatively equal.
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Figure 4.2. Spreading resistance profiles of B diffused samples used in EPR
measurement. The detail of the samples refers to Table 4.1.
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Table 4.1. Sheet resistance and surface concentration data of B diffused samples
for EPR measurements.
Sample

Surface

Bulk

Sheet

Surface

Orientation

Resistivity

Resistance

Concentration

(Q.cm)

(£i/a)

(cm-^)

3-5.5

300

7.6x1018

(111)

R^

0.96

(+1.5x1018)

(111)

3-5.5

250

1.8x1018

0.95

(±0.4x1018)
Figure 4.3 and 4.4 shows the EPR spectra for undiffused and B diffused
samples, respectively. The signals illustrated in these figures were measured
with the magnetic field perpendicular to (111). For both undiffused and B
diffused samples, the signals demonstrate similar signal peak positions with
respect to the applied magnetic field. The g values indicate that the signals
shown in Figure 4.3 and 4.4 characteristic of the Pb centres.
The detail of the g values and peak to peak line width obtained from the
measurements depending on the magnetic field direction is given in Table 4.2.
The double integral calculation of the signals in Figure 4.3 and 4.4 shows a lower
magnitude for the undiffused sample. The magnitude of Pb density can be
calculated using Eq. (3.9), which gives a value of 0.9x10" cm-2 for the undiffused
sample, and 1.2x10" and 1.3x10" cm-2 for sample "a" and "b", respectively.
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Figure 4.3. The EPR spectrum for undiffused and B diffused samples passivated
with thermal oxidation. The magnetic field in this measurement is set parallel to
<111> direction.
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Figure 4.4. The EPR spectrum for B diffused samples with different surface
concentration passivated with thermal oxidation. The magnetic field in this
measurement is set parallel to <111> direction. The detail of the samples refers to
Table 4.1.
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Table 4.2. Comparison of the g value, peak to peak line width {ABpp) and
paramagnetic defect concentration of various oxidations and diffusions. The
magnetic field was applied in perpendicular (x) and parallel (II) direction
towards the <111> surface.
Sample

Boron Surf ace

g-i-(G)

Concentration

ABpp±

g\\ (G)

(G)

(cm-^)

ABppW
(G)

Double
Integration

2.0087

4.1

2.00154

2.0

5.6x106

7.6x1018

2.0094

2.5

2.0016

1.5

7.3x106

1.8x1018

2.0096

2.5

2.0015

1.5

7.5x106

Undiffused

The transition of the Pb centres from positive to neutral (+

0) has been

shown to occur at an energy level 0.28 eV above the valence band, and from
neutral to negative at 0.30 eV below conduction band [105]. The density of Pb
centres which are positively charged, and hence not detected by EPR, can be
estimated, as was done in Ref [65]. These undetected Pb centres should be taken
into account, particularly when comparing diffused samples with different
doping concentrations, in which case a high level of accuracy is required.
Based on the knowledge that neutral and positive Pb centers are present,
the energy level of the ( + ^ 0 ) transition must coincide with the Fermi level of the
silicon at the surface. In the silicon bulk, the Fermi level coincides with the B
acceptor level (0.045 eV) because of the low temperature

during EPR

measurements (~7 K) which results in carrier freezout [106]. Thus, the presence
of positively charged Pb centers induces band bending at the surface with a
potential difference Ws = 0.235 eV. This is illustrated in Figure 4.5. The depletion
region thickness (W) can be calculated using Eq. 4.1 as a function of the surface
doping concentration.
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Figure 4.5. Band diagram illustration showing the potential difference at the Si
surface due to the positively charged Pb centres with respect to the Fermi level.
The transition of positively charged Py centres, which occurs at an energy level of
0.28 eV [105], coincides with the Fermi level.

(4.1)

The density of positively charged Pb centres, represented by the interface
charge density (Qu), can be considered equal to Qsc due to negligible fixed charge
density (Q/) within the oxide compared to the magnitude Pb centre densities from
the measurements (for a thermally grown oxide, Q/ is generally in the order of
10" cm-2). Accordingly, the charge density within the depletion region (Qsc) can
be estimated using Eq. (2.30). For a depletion region thickness of 6.4x10-7 and 1.3
xlO-6 cm, the density of non-paramagnetic Pb centres for sample "a"

and "h" is

determined to be 4.8xl0i2 and 2.4x10^2 cm-^, respectively. The adjusted values of
Pb centre densities are given in Table 4.3.
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Table 4.3. Pb center densities for B diffused samples by taking the estimated non
paramagnetic defects densities into accoxmt.
Sample

Boron

Surface

Concentration

Pb Density

Pb

(xlO^^ cm-^)

Density-Corrected

(xlO^^

Undiffused

-

0.9

0.9

a

Ns= 7.6xl0i8cm-3

1.2

1.7

b

Ns= 1.8xl0i8cm-3

1.3

1.5

cnr^)

The Pb centre densities of B diffused samples in Table 4.3 are higher by a
factor of -1.6 to 1.8 compared to the undiffused sample, suggesting that the
presence of B diffusion introduces additional defects at the Si/Si02 interface.
This is chiefly in a good agreement with the results in references [21, 65].
However, this increment is less than was reported for a similar B diffused
sample grown imder dry oxidation conditions, where the B diffusion was
reported to result in nearly a factor of 3 higher Pb centre density [21]. Further, the
Pb centie density does not increase dramatically with increasing surface B
concentiation.
These results suggest that, while B diffusions generally degrade the
properties of the Si/Si02 interface, it is possible to minimize this degradation. In
particular, through judicious choice of oxidation and diffusion conditions, it is
possible to reduce the total recombination occurring in the emitter and at the
surface. However, these observations are made based on the results of (111)
surfaces with light diffusions, and it is difficult to extiapolate from these results
to either the case of (100) surfaces, or heavily doped emitters. Attempts to
investigate such conditions will be provided in the next sub-chapter though the
measurements of surface recombination velocity parameters.
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4.3. Investigation of Boron Surface Concentration Effect on
LPCVD

Nitride/Oxide/Si

Interface

Defects

using

Lifetime-Corona Analysis
Examination of the Shockley-Read-Hall (SRH) equation recombination at
the surface shows that, for high surface majority carrier concentrations (Ns), the
surface recombination velocity (S) is expected to be only weakly dependent on
Ns if the interface defect properties (Nit(E),

Therefore,

surface

recombination

can

be

a„(E)

and

(Tp(E))

minimized

by

do not change.
reducing

the

concentration of one type of carrier at the surface, either elections or holes. This
can be achieved by creating either accumulation or stiong inversion conditions
at the surface. Yablonovitch et al. [107] have previously applied such a method
by applying a gate voltage to vary the surface potential. Investigations of surface
recombination as a function of surface charge density have subsequently also
been carried out by others for the purpose of analysing the Si / S i 0 2 interface [85,
90, 108, 109]. A modelled simulation showing the effect of surface charge upon
surface

recombination

rate

for

samples

with

different

surface

doping

concentiations is illustrated in Figure 4.6. This model predicts that, under strong
inversion or accumulation, surface recombination will become independent of
the surface doping, and relatively weakly dependent on charge density. This
suggests that a comparison of samples under deep inversion or accumulation
conditions can be used to directly compare the interface quality of samples with
different surface doping level.
This sub-chapter aims to investigate the effect of B surface concentration
on the Si/ Si02 interface properties of an LPCVD nitride/oxide stack structure
through a similar method, namely by measuring the lifetime on corona-charged
surfaces. The baseline of this experiment is to analyse the interface properties
under accumulation conditions, where the surface recombination should be
independent of surface doping and only weakly dependent on surface charge
density. Accumulation is chosen rather than inversion in order to avoid the effect
of recombination within space charge region. This technique is expected to
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provide a meaningful comparison of the interface quality of samples with
different surface doping level.

-2x10'-

-1x10

1x10''

2x10

Surface Charge Density ( c m ' )

Figure 4.6. Calculated dependence of surface recombination rate as a function of
applied surface charge upon different surface doping. This calculation was
performed using the extended Girisch model [42, 43] with a bulk injection level
10^2 cm-3 and assuming a single level defect at midgap with equal capture cross
sections. The bandgap narrowing effect is neglected in this simulation.

4.3,1. Experimental Details
Samples used for lifetime measurements were n-type, FZ, 5 Q.cm, 750 ^m
thick Si for (100) and 2-4 kQ.cm, 400 pm thick for (111) surface oriented wafers.
The (100) wafers were etched in TMAH solution to attain an average thickness of
400 pm. All of these wafers were subsequentiy etched together in acid solution to
remove saw damage. All samples were cleaned in RCA and then dipped in clean
HF prior to diffusion. The diffusion was performed on both sides of the wafer,
giving a p-'/n/p^ sfa-uctiire, using the same diffusion recipe as for EPR samples.
In addition to the lifetime samples, several wafers for spreading
resistance measurements were also prepared and subjected to the same diffusion
recipes in order to measure the corresponding carrier concentration profiles.
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These wafers were n-type, moderately doped, single-sided polished CZ Si. In
order to facilitate the smoothness of the measurement during the bevelling, these
wafers were not subjected to any acid etching.
Following deglaze process to remove the boron glass, samples were
oxidised in wet then dry ambient in order to grow a ~20nm thick oxide. The
oxidation process was classified into two different recipes according to the
surface orientation. The oxidation conditions in this section are sHghtly different
compared to EPR experiment on previous section. With the goal of attaining
thinner oxides (in order to further improve optical properties), the wet oxidation
recipe was modified depending on the surface orientation. Such modification
was critical to controlling the oxide thickness due to the different oxidation rate
on (100) and (111) surface [110]. The details of the oxidation process are given in
Table 4.4. The oxide thickness data given in this table were measured using the
Filmetrics thin film measurement system. All samples received an FGA at 400oC
for 30 minutes and lifetime measurements were carried out afterwards.
Table 4.4. Oxidation recipes and the oxide thickness attained depending on the
surface orientation.
Surface
<100>

Oxidation Condition
840°C 20 mins wet oxidation
dry oxidation

<111>

900°C 20 mins

23-26 nm

900oC 20 mins N2 anneal

825oC 20 mins wet oxidation ^ 900°C 20 mins
dry oxidation

Oxide Thickness

22-27 nm

900°C 20 mins N2 anneal

All samples subsequently received LPCVD silicon nitride deposition at a
temperature of 775°C for 9 minutes, a pressure of 0.5 torr and with a
dichlorosilane to ammonia gas flow ratio of 1 to 4. The silicon nitride film
thickness is approximately 50 nm and the film is expected to be stoichiometric in
composition (Si3N4).
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4.3.2. Results and Discussions
4.3.2.1. Surface Charge Measurement
This section describes an experimental method to quantify the charge
density deposited using the corona discharge chamber as described in Section
3.4. The charge density was obtained by measuring the surface potential (using a
Kelvin probe) as a function of corona exposure time, and then converting the
surface potential values into charge density. This calibration was performed each
day at the beginning of each experiment. Note the calibration method given in
this section only includes negative charge deposition since this type of charge
will be used consistentiy in the next section to accumulate B diffused surfaces.
Firstiy, samples were rinsed in isopropyl alcohol solution for at least 1
minute and the surface potential was measured. The sample was subsequentiy
charged for a set period of time in the corona discharge chamber so that negative
surface charge was deposited. After each deposition, the surface potential was
measured and then the charging time was gradually increased. An example of
negative charge conversion measured on (100) oriented B diffused samples
featuring 50 nm LPCVD nitiide/20 nm oxide films is shown in Figure 4.7.
Surface charge density, Qs, is calculated based on the surface potential difference
before and after charge deposition

(AVKP)

using the following expressions:

(4.2)
where Cms is the capacitance per unit area of the insulator stack (consisting of the
thermal

oxide

and LPCVD

nitiide).

Ci„s can

be

determined

from

the

accumulation capacitance of a capacitance-voltage measurement and the area of
tiie metal dot. Alternatively, it can be calculated from published dielecta'ic
constants of LPCVD nitride and thermal oxide layers, together with measured
values of the layer thicknesses.
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Figure 4.7. A typical calibration curve to convert (a) surface potential measured
using the Kelvin probe (Vkp) into (b) surface charge density (Qs) as a function of
charge deposition time on a sample passivated with oxide/nitride. The needle
and grid voltage in the corona discharge chamber were set at -6 kV and -300 V,
respectively.
Prior to any charge deposition, samples are rinsed in isopropyl alcohol
solution and the surface potential measurement under this condition normally
shows a very small value close to zero. As can be seen in Figure 4.7, the increase
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of charging time causes the increase of negative surface charge density following
a linear trend.
The error bars shown in Figure 4.7 represent the value range obtained
within approximately 2 cm radius from the point exactly under the needle where
the maximum charge density is attained. This range is corisidered satisfactory as
it covers almost all of the area sensed by the inductive coil during the PCD
measurement. The equation obtained from the linear fit of the calibration curve
is therefore applied to estimate the surface charge density. A linear trend was
consistently observed for each calibration with R-squared values varied above
0.95. The error in this method is also minimised since the charging position
within the corona discharge chamber is maintained unchanged.
In estimating the total charge density, the proportion of Qu at the
interface and Q/ within the oxide and nitride should be taken into account.
According to the results of C-V measurements in Ref [81], a nitride film with
similar composition to the one used in this thesis has relatively high charge
density, i.e. approximately +3xl0i2 cm-2. However, this magnitude is estimated
to decrease to approximately +8x10" cm-2 ^jth the presence of 20-30 nm
intermediate oxide [81]. This value will be used as Q/, in the following sub
chapter.
The total charge density, hereafter, will be represented by an effective
charge density (Qeff) which is simply defined as the sum of Q/ and Qs (Eq. (4.3)).
Qeff is used rather than net charge density since it has been difficult to estimate
the contribution of additional holes injected from silicon into the nitride (under
high negative applied charge). The actual net charge density is therefore likely to
be overestimated by Qeff.

Qeff-Qf+Qs

(4.3)
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4.3.2.2. Boron Diffused Emitters with LPCVD Nitride/Oxide Stack
In this experiment, a lightly doped emitter was chosen to ensure that the
measured Joe values were sensitive to the changes in the interface properties. The
carrier concentration profiles for (100) and (111) samples are shown in Figure 4.8
and 4.9, respectively.

0.2

0.3

0,4

Depth ((itn)

Figure 4.8. Spreading resistance profiles of B diffused emitter on (100) substrates
with ~20 nm oxide for lifetime measurements.

Figure 4.9. Spreading resistance profiles of B diffused emitter on (111) substrates
with ~20 nm oxide for lifetime measurements.
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The details of the extrapolated surface concentration for each samples
and recipe is Listed in Table 4.5. In general, all samples exhibit similar sheet
resistances.
Table 4.5. Sheet resistance and surface concentration data of B diffused samples
for lifetime measurements.

Surface

Diffusion

Sheet Resistance

Surface

Orientation

Recipe

(O/n)

Concentration (cm-^)

<100>

a

400

6.8x1018 (+1.3x1018)

0.99

<100>

b

310

4.2x1018 (±0.8x1018)

0.99

<111>

a

380

7.9x1018 (+1.5x1018)

0.96

<111>

b

320

5.0x1018 (±1.0x1018)

0.98

R2

The (111) samples exhibit a somewhat higher surface concentration and
shallower emitter junction compared to (100), which is possibly due to the lower
oxidation temperature. In general, all of the samples that received diffusion
recipe " a " have higher surface concentration compared to that of recipe "b", both
for (100) and (111) samples. When comparing the profiles of (111) samples in
Table 4.5 with the EPR samples, it appears that the lower wet oxidation
temperature has lead to a higher sheet resistance due to the shallower junction.
However, the measurement error of the profiles given in Table 4.5 is believed to
be larger compared to the EPR samples given that the profiling was not carried
out on the actual Lifetime samples, even though all samples underwent the same
treatment.
Table 4.6 summarizes the effective lifetime and emitter saturation current
density of (100) and (111) B diffused samples before and after LPCVD nitride
deposition. It can be seen that the addition of LPCVD nitride has degraded the
samples based on the increase of Joe- In (100) samples, the degradation effect is
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more profound. Overall, it can be seen that the passivation quality of (111) oxide
-passivated samples is substantially inferior to (100), both with or without the
presence of an additional nitride layer. This conclusion is similar to the result on
undiffused surfaces as reported by Jin et. al. [Ill], showing that the deposition of
LPCVD nitride film causes significant changes on the Si/Si02 interface
properties for both (111) and (100) samples.
Table 4.6. Summary of effective lifetime and emitter saturation current on B
diffused samples before and after LPCVD nitride deposition.
After
Surface

Diffusion
Recipe

Surface

Oxidation

After LPCVD

and FGA

Concentration
(an-')

teff

Joe per side

Teff

Joe per side

(ms)

(fA/cm^)

(ms)

(fA/cm^)

<100>

6.8x1018

0.8

30

0.5

93

<100>

4.2x1018

0.6

37

0.4

108

<111>

7.9x1018

0.1

209

0.2

295

<111>

5.0x1018

0.2

191

0.2

317

Given the significant error in lifetime and Joe measurements, there is no
discernible correlation between B surface doping and Joe for the as-oxidised
samples. Following nitride deposition, the (111) results indicate that the
passivation of the samples with a higher surface concentiation degrades
somewhat less than for samples with a lower surface concentration. Part of the
increase in Joe following nitride deposition is likely to be the result of the
relatively high positive charge in the LPCVD nitride film (approximately 3.1xl0i2
cm-2 [81]). A higher B surface doping concentration will generally result in a
smaller increase in the surface minority carrier concentration (in the dark and
under illumination), and hence a smaller increase in }oe.
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4.3.2.3. Determination

of Auger

Recombination

The }oe obtained from the lifetime measurement represents the total
recombination within the emitter. This ]oe is attributed to two forms of
recombination: SRH recombination

(mostly) at the surface and Auger

recombination within the emitter bulk.

In order to analyse the effect of B

diffusion on the Si/Si02 interface properties due to SRH recombination, the
contribution to Joe from Auger recombination should be determined.
Initially, the emitter profile of interest is generated using a Gaussian
distribution following

the carrier concentration profile measured using

spreading resistance. The minority carrier concentration is determined using
three bandgap narrowing models according to King et al. [19], Cuevas et al. [61]
and Altermatt et al. [62, 63, 114]. The bandgap narrowing (BGN) models
developed by King and Cuevas (used in PCID) employ Maxwell-Boltzmann
statistics, while the latter model by Altermatt et al. was calculated based on
Fermi-Dirac statistics. The BGN parameters used for some of the models can be
found in Table 2.1, while the minority carrier concentration was determined
from ni,eff depending on the BGN obtained from each model. The open circuit
voltage, Voc, was determined using the expression in Eq (1-6) under the same
bulk injection level as applied during the lifetime measurement (A?i=4xl0i5 cm-3).
The Auger parameterisation proposed by Kerr [113] was employed to
calculate UAuger. The total amount of UAuger along the emitter depth is calculated
as an integral function and converted to recombination current according to Eq.
(4.5). Thus, the Joe due to Auger recombination can be calculated using Eq. (4.6).

IVQC

'^Oe_Auger

~

Augeri^

^^

1)

(4.6)
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The calculated results of ]oe due to Auger recombination for each emitter
profile are given in Table 4.8. It can be seen that the bandgap narrowing model
by King et al. [19] gives higher values. To estimate the recombination from the
emitter bulk, the BGN parameters of Schenk [63] and the Fermi-Dirac statistic
based calculation proposed in Ref [62, 114] will be used hereafter. All of the
calculations were made by neglecting the effect of surface charge since it is
difficult to determine the exact net charge density of the corresponding Joe.
However, it is confirmed that the presence of surface charge only affected the
carrier concentration profiles within a very thin region under the surface (less
than 5 nm), and therefore only causes small increase in the estimated ]oe_AugerTable 4.8. Calculated emitter saturation current due to Auger recombination
according to various BGN models. All values were calculated at an injection
level 4x1015 cm-3 under an open-circuit condition.
Diffusion
Recipe

Simulated
Rsh
(SVo)

Simulated

Joe_Auger (fA/cm^)

Ns

(cm-3)

King

Cuevas

Schenk&

etal

etal.

Altennatt

[19]
381

1.6x10"

297

1.4x1019

9.6

4.3.2.4. The Effect of Surface Concentration

[61]

et al. [62, 63]

5.4

5.2

6.6

6.2

and Surface

Orientation

Following lifetime measurements, all samples received subsequent
charge deposition in the corona discharge chamber. The Joe values due to the
SRH recombination at the surface

{]oe_s)

can be determined from the subtraction

of the Auger recombination from the }oe measured after each charge deposition.
The resulting Joej as function of surface charge density is illustrated in Figure
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4.10. Seffis therefore calculated using Eq. (4.7) and the results are shown in Table
4.9.
S.^
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Figure 4.10. Surface defect related (SRH) component of emitter saturation
current as a function of surface charge density for B diffused samples with
LPCVD nitride/oxide layer.

The Joe of all samples was reduced significantly and appears to saturate
for a sufficiently high density of negative surface charge. Similar behaviour
(reduction in ]oe and eventual saturation) has been observed by others following
both corona charge deposition [90, 108, 112] or the application of a gate voltage
to MOS samples [94, 95,107,109]. For (100) samples, the Joe of both samples with
different doping concentrations saturates at comparable values. A similar trend
is also observed on (111) samples with the saturated /oe values more than a factor
of 4 higher compared to (100) samples. This result leads to a qualitative
conclusion that the interface properties of LPCVD nitride/oxide are not very
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sensitive to the changes in B surface concentration for the limited range of
surface doping concentrations explored in this work. However, the interface
properties of (111) surfaces are more susceptible to the defects introduced by the
presence of B diffusions.
Table 4.9. Estimated emitter saturation current (in accumulation) and effective
surface recombination velocity due to the defects at Si/Si02 interface for B
diffused samples.
Sheet
Surface

diffusion

Resistance

(Syn)

Recombination
Ns
(cm-^)

due

to

S^SiNx

interface
Joe_s per
(fA/cm')

side

S,/
(an/s)

(100)

a

400

6.8x1018

i6

4.1

(100)

h

310

4.2x1018

17

4.3

(111)

a

380

7.9x1018

71

18

(111)

h

320

5.0x1018

73

18

To analyse this result further, a ]oe comparison with B diffused samples
with similar structure and sheet resistance (-250 0 / •) reported by Jellett [65] is
presented in Figure 4.11. Note that the oxide thickness in the reference is slightly
different compared to this work, i.e. 50 nm oxide/50 nm nitride for (100) and 70
nm oxide/50 nm nitride for (111) samples, with the oxide grown using dry
oxidation process at higher temperature. In addition, the surface charge was
applied using MOS structure instead of corona charge deposition. Therefore, a
direct comparison is not necessarily meaningful. However, it is interesting to
note that the final ]oe values (after application of charge) is almost identical for all
3 (100) samples, while there is some relatively minor variation between (111)
samples. It could be expected that samples with a higher Ns would display a
lower }oe before charge application, and that Joe of these samples would decrease
less following charge application since the surface majority carrier concentration
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was already high before charge application. However, this is not observed. More
data would be required to draw definitive conclusions. Nevertheless, the results
once more suggest that the interface properties are not strongly affected by the B
surface concentration.
V
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Figure 4.11. Comparison of the accumulation effect on the emitter saturation
current reduction for B diffused samples featuring LPCVD nitride/oxide
measured in this thesis and from Ref [65]. The squares and upright triangles
represent the results of this thesis. The arrows represent the reduction of ]oe_s
following negative charge application whereas the accumulated Joe_s are shown
by triangles. AU measurements were taken at the same injection level (An=4xl0i5
cm-3).

In summary, the results of this work suggests that the interface
properties of the Si/Si02 interface beneath an LPCVD nitiide layer are not very
ser\sitive to the B surface doping, at least over the limited range of surface
concentrations studied. In addition, defect generation by B diffusior\s at
Si02/LPCVD nitiide passivated (111) surfaces is greater than for (100)
equivalents. This observation is in agreement with the results of oxide onJy
passivated samples. It is also interesting to note that, when the Si surface is in the
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accumulation condition, the Joe values of samples with LPCVD nitiide/oxide are
lower compared to the measured values after oxidation and FGA given in Table
4.6 without any further charging. This fact emphasizes the benefit of high
negative charge density for the passivation of B emitters.

4.4. The Long Term Stability of Oxide Passivated Boron
Emitters
Long term stability of the emitter is a significant issue since solar cells are
expected to operate for at least 20 years without significant performance
degradation. The long term stability of solar cells featuring boron diffused
emitters, including their UV stability, has not been extensively studied.
However, published results indicate that boron diffused envitters featuring a
thermal oxide are not stable.
Zhao et.a[92] have observed strong degradation of a high efficiency nPERT cells (featuring a B emitter) following storage in nitiogen. The average Voc
degradation of n-PERT cells after 2-3 years storage in dark was 38.3 mV, while pPERT cells only lost 4.2 mV after 3-9 years. Further, after 11 hours of
illumination, n-PERT cells with front emitter and n-PERL cells with rear emitter
showed severe degradation (as much as 10.5 mV) while p-PERT cells were more
stable and showed no significant degradation over time. The degradation was
suspected to be due to the surface electiostatic charges intioduced by the UV
component from ELH lamp. However, the results of further experiments fail to
confirm this hypothesis. After corona charging, p-PERT cells and n-PERL rear
emitter cells could recover to their initial Voc value. Meanwhile, charging did not
result in the recovery of front emitter n-PERT cells. Initial speculation suggested
that the failure of charge to increase the degraded Voc of n-PERT cells was
related to the presence of a thin oxide passivation and textured surface.
However, an n-type planar cell with thick oxide was also found to suffer severe
degradation.
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Degradation on thermal oxide passivated, boron diffused emitters has
also been observed by Altermatt et.al. [115]. They measured changes in ]oe of
boron diffused samples with various sheet resistances and passivated with a
thermal oxide, grown at 1050°C with and without trichloroethane (TCA). After
two years storage in the dark, a large increase in Joe values was observed for all
samples. However, after a subsequent forming gas anneal (FGA) at 400°C for 40
minutes, samples with TCA oxidation could recover nearly to their initial values.
Following the same treatment, the Joe of samples without TCA did not recover
and, in fact, even show small increase after the FGA process. In addition, their
simulation results suggested that the influence of a moderate density of fixed
positive charge (Q/) in the oxide does not affect (increase) the surface
recombination velocity for boron dopant densities above lO^s cm-3. Thus, the
possible increase in Q/ during long storage is unlikely to be the reason for the
degradation.
In regard to the presence of B diffused emitter, Altermatt et. al. proposed
that the long term degradation might be related to the asymmetric capture cross
section of the majority of the defects generated at the Si/SiOz interface [115]. The
energy dependence of the capture cross sections of the defects at the Si/Si02
interface has been reported by several authors to date [43, 107, 116]. The
consensus is that o„ is more than 100 times larger than Op for the defects near
midgap. Therefore, the increased density of such defects is likely to cause
significantly more recombination at p-type, rather than n-type, surfaces. A recent
study by Thomson et. al [117, 118] has also arrived at this conclusion. They
showed that the observed increases in ]oe for B and P diffused samples following
storage (in open air at room temperature) could be accounted for with a model
of interface defects where (7„ is much higher than Op.
A likely culprit for the observed degradation of oxide passivated, B
diffused emitters (and oxide only passivated surfaces generally) is believed to be
humidity. Investigations of the changes in surface recombination velocity on
undiffused and diffused thermal oxide passivated samples following humidity

Investigation of Si/Si02 interface Properties on Boron Emitters

exposure can be found in Ref [119-121], The results therein suggest that the
predominant cause of the degradation in passivation quality over time is due to
the increase of interface states density that results from the reaction between
H2O and SiOz. The mechanism of the degradation can be explained in two ways.
The first possibility is that a silicic acid layer is formed [122,123], resulting in a
reduction of the intrinsic stress in the oxide layer [120]. Secondly, the
degradation may be attributed to the liberation of atomic H during the reaction
[124].
Based on the above discussion, the long term monitoring of oxide
passivated B diffused samples will be reported in this sub-chapter. Some
samples were stored in well-controlled humidity in order to avoid the
generation of a hydrogen-reaction based defect at the interface. Differentiating
between storage conditions, it is the intention of this work to analyse whether
the degradation of passivation quality is attributable to an intrinsic process
occurring at the Si/Si02 interface. The analysis was carried out by measuring the
effective carrier lifetime and emitter saturation current density after a certain
period of storage. The structure of the sample of interest involves a thermally
grown oxide layer with and without LPCVD silicon nitride capping layer.
4.4.1. Experimental Details
Samples used for lifetime measurements were n-type, 4.5 - 5.5 Q.cm,
(100) oriented FZ Si wafers. All samples were etched in TMAH and nitric-HF
solution and RCA cleaned prior to diffusion. The diffusion was performed on
both sides of the wafer (giving a p+/n/p+ structure) using the same diffusion
recipe as for sample "b"

in section 4.2 and 4.3. This consisted of boron silicate

glass deposition and drive in at 900°C followed by in-situ oxidation at the same
temperature and oxide removal in HF. The attained sheet resistance was -180
Q/n. At this stage, samples were grouped into two batches. One group of
samples received a dry oxidation at lOOQoC for one hour, following 30 minutes
nitrogen anneal at the same temperature, while the other group received
oxidation with TCA at the same condition. These oxidation conditions were
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chosen to be similar to the oxidations used in previous work [115, 117, 118]
where degradation was observed. The final thickness for the oxide grown in
TCA and without TCA is approximately 70 ran and 50 nm, respectively. A
forming gas anneal (5% H2 in 95% Ar) at 400°C for 30 minutes was carried out on
aU samples afterwards to improve the interface passivation. On some selected
samples, 50 nm of silicon nitride was subsequently deposited on both sides by
LPCVD.
4.4.2. Results and Discussions
The carrier lifetime samples used to investigate the stability of the surface
passivation were stored in two different environments, i.e. at room temperature
in a N2 atmosphere and at 120°C in air. In order to exclude the possibility of
surface charge build-up on the samples, which may influence measured surface
recombination rates, some samples were dipped in isopropyl alcohol (IPA) prior
to each measurement. No significant differences were observed in measured
surface recombination rates between samples with and without an IPA dip.
The plots of the emitter saturation current density }oe as a function of time
for the oxide samples featuring TCA oxidation with different storage methods is
shown in Figure 4.12. Similar plots for the samples without TCA are given in
Figure 4.13. For the samples that were stored at elevated temperature, the
lifetime measurements were carried out several minutes after the samples were
taken out from the oven, allowing them to cool down and reach room
temperature. Furthermore, it was assumed that these samples were not affected
by the degradation in open air (with uncontrolled humidity)

during

measurement, since the time constant of the degradation process is significantly
longer than the time required to do the measurement [118].
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No significant degradation was observed for any of the samples stored at
room temperature for a period of up to nearly 3 months. However, it is clearly
seen that all of the samples which were kept in elevated temperature degraded
severely during the first 500 hours. Following the degradations, some oxide only
samples were annealed in RTA chamber at 400°C for 1 minute in N2. This
resulted in a return of Joe to nearly their initial values. This trend is observed for
both oxides grown with and without TCA, in contrast to other reports [115],
where oxides grown without TCA did not recover following elevated
temperature anneals.
While the oxide only samples degraded significantly, samples with an
oxide/nitride structure did not appear to degrade including the samples that
were stored at higher temperature. This is illustrated in Figure 4.14. For the
oxide samples, the degradation rate is shown by the logarithmic fits. For the
samples with oxide/nitride featuring TCA oxidation, there is significant scatter
in the data for longer storage times. This may be attributable to charge
deposition or removal by the surrounding ambient, since no IPA rinse was
carried out on this sample prior to each measurement.
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Figure 4.14. Emitter saturation current as a function of time for B diffused
samples passivated with oxide and oxide/nitride layers, stored at 120oC. All
measurements were performed at an injection level of 4x10^5 cm-3.
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The trend observed in Figure 4.14 concurs with those reported by
Thomson et al. [118] for the case of oxide-samples grown without TCA and
stored at lOQoC. However, it is noted that the degraded

values observed here

are much lower than those reported in Ref [118] after equivalent storage time. In
Figure 4.14, the degraded ]oe for the samples processed without TCA is
approximately a factor of 4 higher, while Thompson et al. reported an almost 10
fold increase for a similar sample which was stored at lOQoC.
The fact that samples with an oxide-nitride structure were relatively
stable following extended periods of storage at elevated temperatures, in
contrast to samples with an oxide only (both as shown from this experiment
results and in other publications [92,115]) strongly suggests that the degradation
is not an intrinsic feature of the boron diffused Si/Si02 interface. This is further
supported by the stability of oxide only samples stored in a N2 cabinet at room
temperature, in contrast to the severe degradation of similar samples stored at
room temperature in air where ]oe degraded more than a factor of 100 under
similar duration of storage [118].
It is concluded that the degradation is most likely solely due to the effect
of moisture. In particular, the process of degradation may involve the direct
diffusion of H2O molecules or hydroxyl (OH) groups through the oxide layer
[120], followed by oxidation at the interface and the resultant liberation of
hydrogen atoms. Atomic H is known to degrade the Si/Si02 interface [111, 124,
125]. This hypothesis is supported by the observed return of Joe to near its initial
value following a short 400oC anneal, since similar behaviour is observed for
interfaces degraded by atomic H [125]. In the presence of an effective moisture
barrier (such as silicon nitride) no degradation takes place.
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4.5. Summary
Electron paramagnetic resonance and carrier lifetime (as a function of
surface charge density) measurements were performed to study the effect of B
surface concentration upon the Si/Si02 interface properties. A thin oxide in the
range of 20-30 nm was grown using a wet oxidation process, followed by dry
oxidation at a temperature <900oC. These conditions were chosen to obtain a
relatively thin oxide (~20-30nm) while keeping the process temperatures
sxifficientiy low to suit industrial fabrication requirements.
The results of electron paramagnetic resonance measurements on (111)
samples suggest that, while the presence of a B diffusion generally leads to a
degradation of the Si/SiOa interface (as indicated by an increase in the
paramagnetic defect density), the magnitude of the degradation is somewhat
lower compared to previous reports where the oxides were formed using a
higher temperature, dry oxidation [21]. This suggests that the defect density at
the B diffused Si/Si02 interface could be minimised through a careful choice of
oxidation conditions. Further, the magnitude of the defect density appears to be
only weakly affected by the B surface concentiation, so that emitter profiles with
high surface B concentration can be chosen to minimise surface recombination.
The extraction of }oe from the lifetime measurements shows that the
passivation quality of the B diffused, LPCVD nitiide/oxide passivated emitters
is not sensitive to the B doping at the surface. For diffusions having relatively
similar sheet resistance, slightly better passivation is obtained when B
concentration at the surface is higher with shallower emitter junction. This
observation is presumed to be related to the presence of positive charge within
the oxide and nitride which leads to slight depletion of the p^ surface. This effect
is minimised when the surface doping concentration is increased.
Under strong accumulation, where Us is nearly independent of surface
doping concenb-ation, the surface recombination due to the defect at the Si/Si02
interface of B diffused sample was analysed. The ratio of Joe reductions under
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strong accumulation were found to be relatively constant - in general, the
accumulation of the surface decreases Joe by a factor of 4, regardless of the B
surface concentiration (in the range of -IxlQi^ to SxlO^s cm-3). It is shown that no
significant difference was observed between samples with different Ns and
relatively comparable sheet resistance. This suggests that the defects at the
interface are likely to be independent of B doping level at the surface. It is also
reported that the density of interface defects incurred at the (111) surface is
higher compared to (100). However, the addition of LPCVD nitride layer in (111)
samples seems to cause somewhat less detrimental effect in the passivation
quality compared to similar (100) oriented samples.
The results of long term storage of samples with an oxide only and
samples with an oxide/nitride

stack provide strong evidence that the

degradation of boron diffused, oxidized emitters is not due to any intrinsic
degradation, but rather to the effects of moisture. In the presence of an effective
moisture barrier, no observable degradation takes place. The LPCVD nitride
films used in our experiments provide an effective moisture barrier but do not
result in optimal passivation.
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Chapter 5

Investigation of Si/SiNx Interface
Properties on Boron Emitters

The interface properties of B diffused and undiffused Si surfaces
passivated with PECVD nitride are investigated in this chapter. Lifetime
measurements in conjunction with corona charge deposition are carried out to
ensure that Joe has reached its lowest possible values under accumulation or
inversion. As such, the interface properties of diffused and undiffused surfaces
are relatively comparable, and most importantly, independent of doping
concenti-ation. Therefore, the dependence of surface recombination on PECVD
nitride passivated samples upon net charge density is investigated in detail in
this chapter. This technique has been widely used by several authors to perform
studies on the Si/Si02 interface [85, 90, 108], however, less data is available in
the case of Si/PECVD SiNx, particularly for B diffused emitters. In the first part
of this chapter, the characterisation of charge density in the dark using C-V
measurements is reported, followed by the analysis of surface charge effect upon
the surface recombination of non-diffused surfaces. The effect of B diffusions
and, furthermore, the influence of surface concentration on the interface quality
of both (100) and (111) surfaces are presented in the latter section of this chapter.

Chapter 5

5.1. Introduction
Silicon nitride has been used in semiconductor devices for wide range of
applications, such as a dielectric layer for memory devices, diffusion mask, and
insulator. The most common method used to deposit amorphous silicon nitride
films is by using Chemical Vapour Deposition (CVD) system, such as
Atmospheric Pressure CVD (APCVD), Low Pressure CVD (LPCVD), and Plasma
Enhanced CVD (PECVD). The latter technique has been of great interest in the
solar cell industry. It exhibits the following beneficial features:
The deposition process in PECVD systems is generally performed at low
temperature (~400°C), particularly when compared to APCVD (700lOOOoC) or LPCVD (700-800°C). This is beneficial in order to minimise the
fabrication costs arising from a high thermal budget. In addition, low
temperature processes can reduce the risk of diffusion of unwanted
contaminants and thermal degradation that is usually suffered by lower
quality material, e.g. multicrystalline substrates.
Silicon nitride films deposited by PECVD are generally less dense and
have a higher etch rate then LPCVD-deposited films. Thus, the PECVD
nitride can act as a buffer through which metal contacts can be fired
[126].
-

The optical properties of PECVD siUcon nitride films are tuneable, which
is favourable for application as an anti-reflection (AR) coating. The
refractive index can be customized

by adjusting

the

deposition

parameters, such as temperature, chamber pressure, RF power, gas flow
rates and the Uke. The deposition parameters determine the structural
and chemical properties of the silicon nitride films, that is, the bond ratios
and bond densities related to Si, N, and H atoms. Thus, a wide range of
properties can be obtained.
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-

In general, PECVD nitride films contain 15-30% of hydrogen which is
bonded to either silicon or nitrogen [126]. The high amount of H atoms,
which is released during high temperature treatment (e.g. firing), is
believed to diffuse toward the bulk and passivate the bulk defects. The
details of such mechanism can be found in Refs [127-129].
PECVD nitride films generally contain higher positive fixed charge
density (commonly in order of 10^2 cm-2) compared to Si02 (~10" cm-^).
As such, PECVD nitride films are capable of forming an inversion layer
at a p-type surface which is similar to the presence of a thin emitter [130].
For the case of n-type surfaces, the presence of positive charge within the
nitride layer can improve the surface passivation. This is likely to become
more important for cells featuring a lighter (selective) emitter than most
current commercial cells.
In this thesis, hereafter, the term "SiN/' will be used as a simplification

referring to amorphous hydrogenated silicon nitride material, i.e. "SixNyliy" or

"a-SiNx'.H".

The formation of SiNx within the PECVD chamber involves gaseous

reaction between silane (SiH4) and ammonia (NH3) as shown below:

SiH, (g) + NH, (g)

)

(s) + H, {g)

(5.1)

As mentioned above, the film composition (denoted by subscript x, y, and z)
depends critically upon the chosen deposition process parameters.
Based on the reactor design, there are two types of PECVD: direct and
remote. In direct PECVD, the samples are placed on an electrode that has direct
contact with the processing gasses (NH3 and SiH4) and, thus, the excited plasma,
resulting in the plasma frequency being a critical parameter during the
deposition. According to the microwave frequency used, there are two subcategories for this system: low-frequency (typically at 10-500kHz) and highfrequency (>4 MHz). In low-frequency direct PECVD, the ions in the plasma can
absorb the energy following the excitation by the electiomagnetic field, which
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results in poor surface passivation due to ion bombardment effects [131]. For the
case of remote PECVD, the bombardment damage can be avoided as the plasma
(generated from the process gas -NH3 only) is excited outside the deposition
chamber. Consequently, the plasma frequency in remote systems is relatively
less important compared to direct PECVD. In general, the SiNx films fabricated
by either high-frequency direct-plasma or remote-plasma PECVD systems can
provide lower surface recombination velocities [132].

Figure 5.1. Schematic illustration of Roth & Rau AK400 remote high-frequency
PECVD reactor system used at the ANU.

The SiNx films used in this thesis are mostly deposited using remote a
high frequency (2.45 GHz) PECVD system at the ANU (Roth and Rau AK400).
This system has dual microwave generators, in which each gives a microwave
power of 500W, and RF power with a frequency of 13.56 MHz connected on the
lower electrode. The illustration of this system is provided in Figure 5.1. The
deposition parameters used were chosen to give the best possible passivation
results. The details will be given within each experimental section.
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The first application of PECVD SiNx to silicon solar cells was by Hezel
and Schroner [130] in 1981. The driving force behind this work was to induce an
inversion layer using the high fixed positive charge in the SiNx film. Since then,
PECVD SiNx passivation for solar ceU applications has been studied extensively
by many authors. The extensive published data shows that PECVD SiNx
passivation can achieve excellent results for tmdiffused substrates, with Seff as
low as 1 cm/s obtained on a high resistivity n-type wafer [133]. For the case of
heavily doped n+ emitters, the passivation quality of PECVD nitride has been
shown to be comparable to that of thermal oxide passivation [134]. Aberle et. al.
[135] have also shown that passivation of SiNx films deposited by highfrequency direct PECVD is comparable (and even better at low injection levels)
to that of high quality oxide on a low resistivity substrate (<2 Q.cm).
Several researchers have shown that as-deposited PECVD SiNx on B
emitters does not provide good passivation, particularly compared to thermally
grown oxide followed by FGA (e.g. Ref [23, 35, 115]). Several authors have
concluded that the poor passivation achieved is at least in part caused by the
high density of positive charge within the PECVD SiNx films [136]. These charges
will lower the surface hole concentration, or even create depletion or weak
inversion layer at the p+ surface, which will increase the surface recombination
rate. Further, it is also suggested by Altermatt et al. [115] that the defects within
the Si/SiNx interface may have higher electron capture cross sections (compared
to the hole capture cross sections); however, they did not perform any further
investigation to confirm this.
For the case of B emitters, it has been foimd difficult to get a straight line
on the inverse measured lifetime as a function of injection level from which Joe
can be extracted. One of the possible reason for this is the surface may be not in
low level injection, which consequently inhibits a vaUd extiaction of Joe based on
the method proposed by in Ref [56]. Due to this reason, the previous data
available in regards to SiNx passivated B emitters were mostly provided in form
of implied Voc, rather than Joe.
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The summary of some related data with similar structure and B emitter
fabrication process to that used on this thesis is shown in Table 5.1. The actual
implied-Voc values given in this table may be somewhat inaccurate as the data
are often provided in a graph. In general, this data suggests that the passivation
quality of PECVD nitride on a B emitter is mostly independent of sheet
resistance (in the range of 40 to 200 O/D). Some improvement is attained at sheet
resistances above -200 Q/D. In addition, annealing at modest temperature
(around 450°C) can enhance the passivation quality. However, no conclusion can
be made in correlating the passivation quality attained to the B emitter profile
and/or B surface concentration. This will be one of the issues to be explored in
details in the later sections.
Table 5.1. Summary of various PECVD SiNx-passivated B emitters as reported
by several authors).
Surface

PECVD
System

Refractive
Index

Rsh
(O/D)

ImpliedVoc (mV)

(100)

Directhigh
frequency

1.90

40
65
100
150
200
400
500

612
604
600
590
600
638
648

(100)

Remotehigh
frequency

2.35

45
60
100
140
215

652
650
663
687
718

(100)

not
specified

not
specified

40
70
100
155
200
210

Joe

-

-

-

Description

Ref

as deposited
nitride films

[35]

annealed
at
450° in N2 for
240 mins.

[23]

as deposited
nitride films

[115]

(fA/
cm^)

800
1000
1200
1700
1200
1200
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5.2. Determination of Charge Density in the SiNx film
This sub-chapter aims to characterise the charge properties within the
PECVD SiNx films which will be used throughout the experiments hereafter.
One should note that this experiment was performed in the dark to quantify the
initial charge density prior to any treatments. The further steps thereafter may
include illuminations and/or additional charge depositions. Such treatments
may cause charge injections to occur and, therefore, change the charge properties
within the film, as previously obtained, due to the state transformation of the K
centers [50].

5.2,1, Experimental Details
Czochralski (CZ), n-type, (100), 2-9 ohm.cm, -500 um thick, single-side
polished c-Si wafers were used for Capacitance-Voltage (C-V) measurements.
These samples received a standard saw damage etch, RCA clean and clean HF
dip prior to PECVD nitride deposition. All samples received subsequent silicon
nitride depositions on the polished side of the wafer. All of the film depositions
were performed in Roth & Rau AK400 high-frequency microwave remote
PECVD systems, however, with two different conditions. For the first group, the
deposition process was carried out in the ANU at a temperature of 450°C, a
processing pressure of 0.2 mbar, a microwave frequency of 2.45GHz, a total dual
microwave power of lOOOW, and SiH4 to NH3 gas mixture ratio of 1:1. This
process gave - 1 0 0 nm thick films with a refractive index of nearly 2. The samples
in the second group were processed at UNSW with a slightly different set of
deposition parameters, i.e. at a deposition temperature of 400oC, a microwave
power 750W and a slightiy lower SiH4 to NH3 ratio. This resulted in - 9 0 nm
thick films with an almost identical refractive index.

These samples were

subsequently cleaved into 1x1 cm^ in size and some of them were annealed in N2
at a temperature of 400°C for 30 minutes.
An MIS structure was subsequently fabricated by evaporating A1 metal
dots through a metal shadow mask on the top surface of the silicon nitride. Each
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metal dot has a diameter of approximately 700 }im and serves as a gate electrode.
Gallium-indium paste was applied on the rear side to allow electrical contact to
Si bulk. C-V measurements were carried out using a system developed by
Materials Development Corporations. The high frequency (HF) measurements
were performed at a frequency of 1 MHz, while the applied voltage for the quasi
static (QS) measurements was swept at a constant rate of 50 mV/s.

5.2.2. Results and Discussion
In order to determine surface charge density, the dielectric permittivity of
the nitride films can be calculated from the C-V measurement, using Eq. (3.15).
The knowledge of the accumulation capacitance (C) and the flat band voltage
VFB allow estimation of the charge density Q/ in the as-deposited and annealed
films. This can be determined using Eq. (5.2) and (5.3):
( E - E A

^MS = ^A/ -

+

Aq

q

- ]

(5.2)

(5.3)

where OMS is the Al-silicon work function difference, OM is the work function of
A1 (4.1 eV), xsi is the electron affinity of Si (4.05 eV), q is the electronic charge and
EC-EF is the difference between the conduction band edge and Fermi level in the
n-type substrate (0.24 eV). It should be noted that this calculation assumes that
the fixed-charges are located close to the Si/SiNx interface, i.e. within 20 run of
the interface [52, 53] and all of the charges at flat band are due to Q/, therefore Qu
due to interface defects is neglected. The results are summarized in Table 5.2.
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Table 5.2. Flat band voltage and fixed charge density of the PECVD silicon
nitride films used in this study as determined from C-V measurements. The
voltage bias during the measurement was swept from inversion to accumulation.

Temperature

Annealed

As Deposited

Deposition
VFB(V)

SSiN

Q/(cm-')

VFB(V)

ESiN

Qf(cm-2)

45O0C

-1.92

6.6 Eo

+6.5x10"

-1.5

7.4 £0

+5.8x10"

400°C

-1.22

6.4 £0

+2x10"

-1.9

6.8 £0

+4.3x10"

The nitride film characteristics were generally found to depend upon
device history. Therefore, the measurements of VFB here were always performed
on 'fresh' dots which had not received any previous bias. It is worth mentioning
that the variation of measured VFB and C, among different dots was relatively
large, with VFB values varying by ±20% and C, values varying by less than 10%.
The VFB in Table 5.2 is selected from a dot with a VFB value close to the median
value, taken from high frequency curve from inversion to accumulation. As can
be seen, the Q/ values are all positive as is commonly reported for a SiNx films.
Nonetheless, both the as-deposited and annealed films display a relatively low
charge density. Following an anneal at 400°C in N2, both Vfb and Q/ exhibit a
small increase. However, large deviations were observed across the measured
dots, whereas the VFB measured in certain dots in annealed samples were lower
than the lowest VFB measured in as-deposited samples. This variation could be
attributed to the non uniformity of the nitiide film since the measurement on asdeposited and non-anneal samples were not taken on the same dot and on a
different part of the sample. Therefore, more consistent data will be required to
conclusively confirm this result.
Figure 5.2 shows typical high frequency C-V curves of an as-deposited
nitride film. The curves shown were measured with two opposite sweep
directions and a typical hysteresis is observed. A similar effect has also been
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reported in the literature [137-139]. The hysteresis is an indication that the barrier
of charge transfer is very low, so that the charge is very easily injected into the
nitride film and, vice versa, into the silicon. As the film is annealed, the film
densifies and the hysteresis is usually reduced. The reason for this behaviour is
not well understood but may be the result of changes in the configuration of the
chargeable defects. The energy levels of the defects may shift to deeper positions
within the bandgap of the SiNx, and hence become more difficult to
charge / discharge.

-2

0

Voltage (V)

Figure 5.2. High-frequency CV curves measured for different sweep directions
on as deposited (open symbols) and annealed (filled symbols) nitride films
deposited at 450°C on n-type Si substrate.

In addition to the hysteresis, the quasi-static (QS) curves from the same
dots are shown in Figure 5.3. The gap between HF and QS curve observed is a
qualitative indicator that a relatively high density of interface traps is present.
However, it can be seen that the shape of these curves during an opposite sweep
direction is significantly different. An explanation for this unusual behaviour
could be the presence of interface defects with relatively small capture cross
sections, and additionally with ap<<On. As the Fermi level is swept from near the
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valence band to the conduction band edge (Figure 5.3.a), filling of the traps with
electrons is sufficiently rapid to result in high QS capacitances and a stretch-out
of the HF curve.
250 r-

•
<

Quasi-slatic
High-frequency

Voltage (V)
b.

Figure 5.3. Quasi-static and high-frequency C-V curves of an as deposited PECVD
nitride film deposited at 450°C on an n-type Si. The voltage during the
measurements was swept: a) from inversion to accumulation; and b) from
accumulation to inversion.

However, as the Fermi level is swept in the other direction, emission from the
traps is much slower, resulting in the modified shape of the curve. As the
voltage is swept from inversion to accumulation and the Fermi level is swept
from near the valence band to the conduction band edge (Figure 5.3.b), the
emission of the traps is sufficiently rapid to result in high QS capacitances and a
stretch-out of the HF curve. The interface traps are reduced after a short anneal
in N2 and is shown in Figure 5.4. However, the sweep dependent curve shape
remains.
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Quasi-static
High-frequency

Voltage (V)
b.

Figure 5.4. Quasi-static and high-frequency C-V curves of an annealed PECVD
nitride film deposited at 450°C on an n-type Si. The voltage during the
measurements was swept: a) from inversion to accumulation; and b) from
accumulation to inversion.

In order to further investigate charge injection into the nitride films,
voltage bias tests were carried out. The results are depicted in Figure 5.5 and 5.6.

Figure 5.5.High frequency curves following high negative voltage bias measured
on as deposited PECVD SiNx films, deposited at 450oC on n-type samples.
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Figure 5.6. High frequency curves following high positive voltage bias measured
on as deposited PECVD SiNx films, deposited at 450°C on n-type samples.

At first, high frequency C-V measurements were undertaken, followed by the
subsequent application of high negative and positive voltage bias on separate
dots. The high frequency curves were remeasured afterwards. This experiment
aims to qualitatively analyse the charge trapping within the nitride since the
density of charge within an insulator is proportional to VFBComparing these two figures, it is apparent that the positive voltage bias
has significantly shifted the HF curves along the x-axis, while negative voltage
bias did not exhibit the same behaviour even though the magnitude of the
applied voltage was much higher.

This result suggests that the injection of

electrons into the nitride occurs much more readily than the injection of holes,
resulting in net negative charge in the nitride as indicated by the positive VFB. In
addition to this, the curves following high positive voltage bias become much
more stretched out, indicating the generation of defects as a result of the charge
injection.
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5.3. Surface Charge Application on PECVD SiNx passivated
Planar Undiffused surface
In this section, the effect of surface charge deposition on PECVD SiNx
passivated planar undiffused surfaces will be investigated. The analysis of
interface properties whilst the surface is accumulated or inverted will allow
direct comparison to that of B diffused surfaces under similar conditions. This
will provide more insight into the effect of B diffusion upon Si/SiNx interface,
which wUl be discussed in the next section.
5.3.1. Experimental Method
Samples used for }oe and lifetime measurement are Float Zone n-type,
(100), -500 |im thick, 40-60 Q.cm, and p-type, (100), -500 jim tiiick, >100 Q.cm cSi wafers. These samples were etched, at least 30 jim, in HNO3 and HF solution
to remove any saw damage. All samples were subjected to clean HF dip prior to
nitride depositions to ensure that the nitride film will be deposited directly on
top of the silicon surface. All samples received silicon nitiide depositions on both
sides. The film deposition was performed in various PECVD systems. The details
of the process and the film properties will be given within the discussions.
Prior to any charge deposition, samples were rinsed in IPA solution to
remove any surface charges previously deposited by the atmosphere, and to set
the surface potential approximately equal to the bulk potential. This was
confirmed by Kelvin probe measurements which indicated surface potential
values close to zero. Following each charging step, the surface potential for each
sample was immediately measured using Kelvin probe. It is noticed that the
surface potential variations on PECVD nitride passivated sample has different
behaviour compared to oxide or LPCVD niti-ide/oxide passivated samples due
to the film properties. Furthermore, due to the variation of the nitride films
properties used, the measurement of surface potential using Kelvin probe after
each charge application was found necessary in order to obtain accurate values
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of the surface charge density. The use of calibrated value (as was done in chapter
4) was found not to give accurate restdts for the PECVD nitride films used here.

5.3.2. Results and Discussion
5.3.2.1. The Effect of Surface Charge Application
Figure 5.7 shows curves of Auger corrected inverse lifetime as a function
of excess carrier density for a planar, n-type undiffused (100) sample following
PECVD nitride deposition at 400oC (the PECVD parameters were provided in
section 5.2.1). After the samples were given IPA rinse and the initial lifetime was
measured, subsequent corona charging was performed in the following order:
negative charging

IPA rinse
6000
5000

Q)

'

positive charging ^ IPA rinse.
1

1

1

1

1

.

1

'

1 ^^jasn

4000
^^ before charging"
2

3000 - 4 /
£
8 2000
5C3>
<3 1000
0

3
-

o 1, negativaly charged
» 2. IPA rinse post negative charge
o 3. positively charged
• 4. IPArinsfipo:^ posjtive charge

Pf^^
1

L_
2x10'^

4x10'^

6x10^'

8x10"

1x10"

Minority Carrier Density (cm )

Figure 5.7. Auger corrected-inverse lifetime as a function of injection level
measured on a PECVD nitride passivated n-type, 40-60 Q.cm, (100) oriented Si
samples. The nitride films were deposited at 400oC. The numbers indicate the
sequence of the charging steps. The black squares represent the initial
measurement prior to any charge depositions.
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Following the deposition of high negative or positive charge densities,
the surface is expected to be in low level injection. The effective charge density
{Qeff)

under these conditions is estimated to be -4.7xl0i2 and +5.9xl0i2 cm-2. The

definition of Qejf was given in Eq. (4.3), where Q/ is determined from C-V
measurements in the dark, while Qs is obtained from the change in surface
potential following corona charging as measured from the Kelvin probe (see Eq.
4.2). The variation of Q/within the nitride fihn tmder illumination is assumed to
be negligible. This assumption is in accordance with the experimental data
shown in Ref [136] where the value of Q/under illumination was consistent with
the value obtained in the dark. However, the actual value of net charge density
may be overestimated by this assumption, particularly for large Qs. This is
because the application of large charge densities on the surface of the nitride can
induce the injection of the opposite type of carrier into the nitride fikn [53] which
is subsequently captured at the K centres [140-142]. Such injection has been
shown to occur in stoichiometric as well as Si-rich and N-rich SiNx films,
regardless of the PECVD deposition method.
As a result of such injection, it is observed in Figure 5.7 that the removal
of negative surface charge by rinsing in IPA (no. 2) results in a lifetime curve
which approaches that following positive corona charging (no. 3). This is
presumably due to the injection and storage of positive charge in the nitride.
Similarly, the removal of positive surface charge (no. 4) results in a lifetime curve
which approaches that following negative corona charging (no. 1), which is due
to the injection and storage of negative charge in the nitride.
In

order

to

analyse

the

results

from

minority

carrier

lifetime

measurements, two methods were used to extract Seff over the range of applied
charge densities of the same sample as in Figure 5.7 after the anneal at 400°C in
N2. The first calculation method is to determine S^^from the measurement of Joe-

^eff

qn,

^

(5-4)
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where An is the excess carrier density in the sample bulk

and NA is the

background doping concentration. Seg was determined at an injection level 4x1 Qis
cm-3 and thus,

NA

is small compared to An. The determination of

SEFF

from

JOE

is

not expected to be accurate over the entire range of applied charge densities. The
condition for valid Joe measurements - that the surface must be in low level
injection - will not be achieved for low net charge densities, (approximately less
than ±1x10^2 cm-2). However, for large densities of either negative or positive
charge, the presence of an accumulation or inversion layer should result in a
meaningful extraction of Joe.
The second method is to use the relationship between bulk lifetime,
effective lifetime and surface recombination which is given in Eq. (2.19) and
(2.20). By combining these expressions, Seff can be calculated by:

D amb

J

1_

'eff

tan £
2

1

(

1

1

\

(5.5)

^amb

where Damb is the ambipolar diffusion constant (cm^/s), Wis wafer thickness, and
Tb is the bulk lifetime. Here,

DAMB

is used instead of

D„

or

DP

(minority carrier

diffusion constant) since the measurements within this work were consistently
performed at high injection level [67]. This equation assumed that all
recombination can be attributed to either the bulk or the surface region, and no
other recombination source (e.g. depletion recombination) is present. In order to
solve Eq. (5.5), the determination of bulk lifetime n is required.
For each sample, n can be estimated using Eq. (5.6), in which Seff is
obtained using Eq. (5.4) from the data point where the highest Teg measured
under accumulation conditions, with positive applied charge. Eq. (5.5) is used to
calculate Seff as a function of Teff, rather than the simpler and more conmionly
used expression in Eq. (5.6). This methodology is preferred, since, for several of
the samples analysed, the relatively high surface recombination velocities lead to
a significant (>10%) underestimation of Seffii Eq. (5.6) is used.
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1
• =

'eff

—

25,^ff
+

•

(5.6)

w

The calculated results of the two methods discussed above are shown in
Figure 5.8. Following negative corona charging, an unusual feature was
observed. While ]oe extracted from the slope of inverse lifetime is very low, the
effective lifetime is significantly lower as well. This, in turn, leads to a significant
discrepancy between the two Seff calculations based on

]oe

(Eq. 5.4) and

5.5). It can be clearly observed from Figure 5.8 that the decrease of both
during negative charge deposition has caused an opposing trend in

]oe

Seff.

Teff

(Eq.

and

Teff

In fact,

the Joe following negative corona charge application is significantly lower than
following positive charge application.

10'

S
-H-

I

•

<o

determined from J^j
10"

-4x10'^

determined from t
JL
2x10'
4x10 •

-2x10"

Qeff (cm"^)
Figure 5.8. Seff as a function of applied charge density calculated from ]oe (Eq. 5.4)
and Teff (Eq. 5.5) with respect to the effective charge density. PECVD SiNx was
deposited at 400oC on an n-type 40-60 Q.cm (100) substrate and the sample was
subsequently annealed (30 mins 400°C in N2). Negative and positive charge
application is denoted by filled and empty symbols, respectively. All Seff values
were extracted from data measured at an injection level 4xl0i5cm-3.
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According to Figure 5.8, one can observe that the Auger corrected inverse
lifetime plots indicate reasonably straight lines at high injection levels for both
after negative and positive charging. This behaviour is normally expected for a
sample in which the surface is in low level injection while the bulk is in high
level injection [56]. As such, the extracted Joe is expected to be meaningful. The
cause for this unusual behaviour has not yet been determined. Due to this
problem and in order to avoid the uncertainty surroimding the validity of Joe, Eq.
5.5 will be used hereafter for Se^ extraction since this method does not require the
surface to be in low level injection.

5.3.2.2. The Effect of Surface Charge on Various Substrates and Nitride
Deposition

Methods

Similar charging experiments were performed on additional samples
with different bulk doping concentrations and dopant types, and with nitride
films deposited by different methods. The results are summarized in Table 5.3.
In all cases, Tejf is observed to decrease following negative charge application.
Based on the consistent behaviour observed under negative appUed charge on p
and n-type substiates, it can be concluded that the space charge region
recombination (due to inversion layer) is not the main reason for the unusual
behaviour observed.
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Table 5.3. Comparison of the recombination parameters on various undiffused
substrates and as-deposited nitride films.
Substrate

a.

b.

c.*

n

n

P

Resistivity
(Q..cm)
40-60

40-60

2-10

PECVD

Deposition

system

Temp. (°C)

Remotehigh
frequency

Remotehigh
frequency
Remotehigh
frequency

Qeff

Joe

Teff

(cm-2)

(fA/cm^)

(ms)
4.3

450
-1.2x10"

6.8

2.1

+1.1x10"

7.5

3.5
0.3

400
-5.0x1012

14

0.2

+5.8x1012

70.5

0.7
0.6

450
-1.5x10"

-

+1.2x10"
d.*

n

0.6-1

Remotehigh
frequency

0.6

450

2.2
-1.5x10"

-

+1.0x10"
e.

f.

P

n

<100

40-60

Direct
low
frequency
Directhigh
frequency

0.3

1.3
2.4

450

0.5
-6.0x1012

242.5

0.09

+4.0x1012

51

0.8

400

0.9
-3x1012

112.5

*For An=4xl0^^ cm-^, the surface was not in law level injection, hence, the interpretation

0.04
of foe

would not be meaningful.

Attempts to increase surface charge in all samples through a prolonged
charging time have also been performed in order to ensure that the applied
charge is sufficiently high. However, it was observed that the density of surface
charge saturates after a certain amount of time, and tiiat the satiirated value
depends on the type and thermal tieatinents of the nitride films. The highest
surface charge density, in terms of the maximum surface potential attained, that
can be deposited using our corona charging system for each as-deposited silicon
nitride film used in this work can be found in Table 5.3. For the sample shown in
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Figure 5.8, the maximum negative surface charge that can be applied is -1.2x10"
charges/cm2 (equivalent to -1.8x10-6 C/cm^). According to the extended Girisch
model, a charge density of this magnitude should result in a dramatic reduction
on Seff. Nonetheless, the disagreement between }oe and Tejf remains even after long
negative charging time.

5.3.2.3. The Effect of a High Temperature Anneal
One key difference between the results presented in the preceding
sections and those of Dauwe et. al was identified [136]. Dauwe et al carried out
similar charging experiments, but did not observe the aforementioned unusual
behaviour following negative charge application. The discrepancy may be
attributable to the fact that the PECVD niti'ide films used by Dauwe et al. had
received a high temperature anneal (850oC for 20 seconds). An experiment
replicating this condition was therefore performed. Nitride film type "f" (see
Table 5.3) was used for this experiment, since this nitiide film was known to be
stable following high temperature treatments, in contiast to the PECVD nitride
films used for the majority of the experiments reported in this thesis.
The lifetime of the sample was measured and the sample was
subsequentiy annealed in a rapid thermal anneal (RTA) chamber at 800°C for 5
seconds, simulating a firing process. The Seg was calculated as a function of
surface charge density before and after RTA. The impact of the RTA is illustrated
in Figure 5.9. The error involved in the determination of the charge density
following the RTA may be significant as the effective charge density was
calculated using the same dielectric constant as the as-deposited film, while in
practice the dielectric constant often increases following high temperature
anneals (for example, see Table 5.2 and Ref [81]).
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Figixre 5.9. Plots of

Seff ]oe,

and

Xeg

as a function of surface charge density on an n-

type sample passivated with PECVD nitride measured before and after RTA.

As shown in Figure 5.9, it is apparent that the application of surface
charges, in particular negative charge, has lead to a dramatic reduction then
eventual saturation of Seff on the annealed sample. This agrees with the trends of
}oe

and

Teff.

In addition, for the same amount of charging time, the density of

surface charge deposited on the annealed sample is significantiy larger than that
of the as deposited nitride film.

-
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A comparison of inverse lifetime curves as a function of surface potential
following negative charge application before and after annealing in RTA is
shown in Figure 5.10.

2x10"

4*10"

8*10"

8*10"

1*10"

Minority Carrier Density (cm')

a).

2x10"

4x10"

6*10"

8*10"

1x10"

Minority Carrier Density (cm')

b).
Figure 5.10. Auger corrected-inverse lifetime as a function of injection level
measured following negative applied charge on an n-type sample passivated
with PECVD nitiide and plasma-oxide that was: a), as deposited; and b).
annealed in RTA at 800°C for 5 seconds.
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It is clear that the application of a moderate density of negative charge on
the sample after annealing has impacted significantly upon the inverse lifetime
curve. The curves in Figure S.lO.b for a low density of appUed negative charge (6x1012 cm-2) display a similar injection level dependence to the curves obtained in
the as deposited nitride fihn (Figure S.lO.a) for a relatively high applied negative
charge. For such negative charge der^sity, the surface is expected to be in
depletion and the injection level dependence in this case is likely to be due to
depletion region recombination.
High temperature firing processes are known to cause Si-H and N-H
bond dissociations, resulting in significant changes in the nitride properties as
atomic H is released from the films and a re-arrangement of the Si-N bonding
network takes place [143, 144]. Hence, the high temperature anneal results in a
densification and modification of the electrical properties of the nitride film. This
could be the reason for the changes observed under negative appUed charge.

5.3.2.4.

Discussion
Passivated

of the Effect
Planar Undiffused

of Surface

Charge

on PECVD

SiNx

Surfaces

Examination of the above results suggests that the increase of Seg (and the
disagreement between the trend of ]oe and Teff) following negative charge
application, which is commonly observed on samples with as-deposited and low
temperature annealed nitride, could be attributed to two possible causes:
a). Compensation of tlte applied negative surface cluirge through the injection of holes
from the substrate.
According to this hypothesis, the application of negative surface charge
on as deposited and annealed (in moderate temperature) nitride films never
results in a significant net negative charge density, even following the
application of a high density of negative charge on the surface. This would cause
the surface to be always in depletion which therefore results in an invalid ]oe
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interpretation. The mechanism of such compensation is shown in Figure 5.11.
This figure shows that the hole injection into the nitride film occurs rapidly and
neutralizes the negative surface charge density. The mechanism suggests that the
charge tiansfer barrier in the nitiide film is low.

O O P o
:

SiN,

+

+

+

+

+

Si

a.

o

SiN^'
A A ^ . A A i,
+: +
+: +: +
.+ _ + . + + +
Si

O O P o

b.

SINv

c:^

Si

c.

Figure 5.11. Description of the proposed mechanism for charge injection
following negative corona charge deposition: a), no surface charge, b). high
density of negative charge is deposited on the surface causing holes from silicon
substiate to be injected into the nitride film, c). the injected positive charge
neutializes the negative surface charge and causes the silicon surface remains in
depletion/flat band condition.

As a result of annealing at 8OO0C, the nitride film is densified and the
charge transfer barrier is increased. Thus, hole injection is reduced such that the
film is able to store a net negative charge. It is well known that charge injection
can be reduced by annealing, which was also shown by the reduction of
hysteresis in the high frequency C-V curves in Figure 5.2.
However, the hypothesis above is not supported by the voltage bias
results shown in Figure 5.5 and 5.6, where these figures indicate that the election
injection occurs more easily than hole injection. Therefore, this hypothesis would
require that the holes are injected into the nitiide upon the application of
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negative charge/bias, and then almost immediately decay back to surface when
the negative charge/bias is removed. However, such a mechanism is not
considered likely.
b). Generation of defects near the surface region.

This type of defects would have to be located within a very thin region
very close to the surface where the carrier concentration is affected by presence
of surface charge, i.e. less than the first -200 nm from the surface (depending on
the amount of applied surface charge). Figure 5.12 illustrates the plausible
location of such defects.

electrons
^hotes

•2 10"
c ,0o
5
SiN
10"

Si

too

200

300

—I
400

Depth (nm)

Figure 5.12. Schematic diagram showing the location (shown by the arrow) of
the plausible defects near the surface upon the application of negative charge.
Since the Joe values under the application of negative charge and positive
charge is low, this defect should have a high recombination activity when p>n,
but low recombination activity otiierwise (when p » n , p « n , or p<n). Following
high temperature anneal, these defects are possibly removed. However, it is
difficult to conceive of a set of defect electrical parameters (energy level and
capture cross sections) that would account for all the observed features.
In general, both hypotheses discussed above are fairly speculative, and
hence, no definitive conclusion can be made without further investigations.
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5.3.2.5. Comparison to Oxide Passivation
Aiming to investigate whether the plasma ignition might generate defects
in the near-surface region of the sUicon substiate, an additional charging
experiment involving a thermal oxide passivated sample was performed. A 20
nm thick oxide was grown using dry oxidation at 900°C followed by a short
armeal in N2 at the same temperature and FGA at 400oC for 30 minutes. The
oxide thickness was chosen to obtain the thinnest possible oxide that reliably
retains surface charge. This sample received consecutive negative corona
charging, IPA rinse and positive charging, with lifetime measured after every
step. Following this sequence of measurements, the sample was placed in the
chamber of the high-frequency remote PECVD system to be exposed to ammonia
plasma.

No film was deposited on the surface during this step, the purpose

being solely to simulate the ion bombardment and radiation that the sample
might be exposed to during PECVD nitiide deposition. This tieatment simulates
PECVD nitiide deposition only very imperfectly, but may still allow useful
insights into the possible defect generation resulting from the PECVD deposition
process. The sample was exposed to the plasma at the same temperature and for
the same time as during standard nitiide deposition.
The initial measurement result prior to plasma exposure is illustiated in
Figure 5.13, along with the results from the nitiide sample of Figure 5.8.

It

should be noted that both samples received the same charging treatments.
Figure 5.13 shows that a high density of negative (positive) charge could affect
the recombination in oxide sample significantly as the surface is pushed to
inversion (accumulation). As expected, Seff is minimised and tends to saturate
under stiong inversion and accumulation. Most importantiy, it is clear that there
is a significant discrepancy between oxide and nitiide samples during negative
charge application. However, the Joe values for the two samples under negative
charge application are comparable.
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and Teff as a function of surface charge density measured at

A7j=4x10i5 cm-3 on n-type sample with different passivation: 20 nm thermal oxide
grown at 900°C

r-

2500

•

•

2 20

0 2«10" 4x10" 6)(10"
Q^(aTi')

followed by 400°C FGA and 90 nm PECVD silicon nitride

deposited at 400°C followed by N2 anneal at the same temperature. All
measurements were taken at An=4xl0i5 cm-3.

The effect of plasma exposure on the oxide sample is shown in Figure
5.14. The sample was first exposed to a remotely generated plasma from the
microwave source only, and subsequently to a plasma generated using both the
microwave and the (direct) RF source.

.
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Figure 5.14. Seff as a function of surface charge density on an n-type oxide
passivated sample following various plasma exposures.

It can be seen that Seff after plasma exposure is higher compared to the asgrown condition. This degradation may be due to the fact that the sample was
stored in air rather than a result of the plasma exposure. Importantly, after
plasma exposure, the general behaviour of the sample following charge
application remains unchanged (and different to the nitride sample) with a
strong

Seff reduction

observed

following

negative

and

positive

charge

application. There are two possible explanations for this behaviour. The first
possibility is that the oxide layer may have became a barrier against the plasma
ion bombardment and/or, the second possibility is, the formation of oxynitride
layer (SiOxNy) that would have very different interfacial properties to that of
Si/SiNx.

Further

investigations

are

required

to

verify

these

possible

explanations. Therefore, the result in this section does not provide any direct
evidence for the hypothesis that the unusual behaviour of the nitride samples is
due to defects generated in the near-surface region. However, the explanation
cannot be entirely ruled out since the experiment simulates actual conditions
during PECVD nitride deposition only very imperfectly.
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•I'lBi":

A further in-depth investigation to correlate the electrostatic charge
deposition with the nitride film composition and properties is required.
However, since this issue will not be the major concern of this thesis, it is
decided that the application of positive charge to invert or accumulate the
tmdiffused and B diffused surface will be used throughout the sections hereafter,
assuming that the minimum surface recombination is achieved under such
conditions.

5.4. The Effect of Boron Diffusion on Si/SiNx Interface
While recent studies have demonstrated that PECVD nitride could
actually provide excellent passivation of B diffused emitter stiuctures when an
appropriate post-annealing process was carried out [23], the paper did not
provide details of the charge density in the SiNx film, or the B surface
concentiation. Hence, the reason for the excellent reported surface passivation
has not been clearly established. Moreover, the exact dependence of the surface
recombination rate on the combination of charge density in the PECVD nitride
film and the p+ diffused emitter profile has not been explored in detail. Neither
does much information exist on whether the presence of B diffusion results in
significant changes to the Si-SiNx interface region (such as the creation of more
interface defects). Thus, this sub-chapter aims to investigate this issue in more
detail.
5.4.1. Experimental Method
Samples used for lifetime measurements were Float Zone (FZ), n-type,
(100), 40-60 ohm.cm, -500 um and FZ, n-type, (111), 60-90 ohm.cm, -400 thick cSi wafers. These samples were etched (removing at least 15 |im per side) in
HNO3 and HF solution to remove any saw damage. Selected samples were
textured in 4% TMAH solution with addition of isopropyl alcohol to form
random pyramid surface texture.
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After receiving a standard RCA clean, several samples were subjected to
a B diffusion using a liquid BBrs source in three different groups to form a
symmetrical structure of p^/n/p-" for lifetime measurement. The diffusion in
group "a" aims to obtain a lightly doped emitter with relatively low surface
concentration

(Ns) compared to its companions. Following boron

glass

deposition and drive-in at 900°C, the samples in this group were subjected to a
thermal oxidation process in order to oxidise the B glass. Group "h"

samples

received a diffusion designed to ensure a similar sheet resistance to group "a"
but with higher Ns. The B deposition process was carried out at a temperature of
710°C, followed by drive-in at 900°C. Meanwhile, group "c" received a similar
diffusion to that of group "h" but with a further drive in, resulting in heavier
diffusion while Ns was expected to remain relatively unchanged. No thermal
oxidation processes were conducted on the diffusion samples of group "h" and
"c". Prior to the next step, all samples were dipped into diluted HF to ensure
that no oxide remains on the surface.
All samples received subsequent silicon nitride depositions on both sides,
one side at a time. The film deposition was performed in Roth & Rau highfrequency microwave remote PECVD systems at a temperature of 450°C, a
processing pressure of 0.2 mbar, a microwave frequency of 2.45 GHz, a total
microwave power of lOOOW, and SiH4 to NH3 gas mixture ratio of 1:1. This
process gave ~70 nm thick films with a refractive index of nearly 2.
5.4.2. Results and Discussion
The emitter profiles of (100) and (111) oriented samples obtained from
these diffusions were determined using spreading resistance analysis and are
shown in Figure 5.15 and 5.16.
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Figure 5.15. Boron emitter profiles of (100) samples based on various diffusion
recipes. The details of sheet resistance and Ns obtained from recipe a, b, and c are
provided in Table 5.4.
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Figure 5.16. Boron emitter profiles of (111) samples based on various diffusion
recipes. The details of sheet resistance and Ns obtained from recipe a, b, and c
are provided in Table 5.4.
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The B surface doping concentration (Ns) values were determined from
linear extrapolation of the three first measured data points within 30 nm from
the surface, with an error range within 20%. The result is given in Table 5.4. The
doping profiles of the (100) and (111) samples are generally in reasonable
agreement. However, a rather pronounced difference between the Ns of the (100)
and (111) samples can be found in the samples from recipe "a" which may be
due to several reasons. Firstly, the (100) and (111) samples for this recipe were
not prepared from the same batch, unlike the rest of the recipes. In addition to
this, the presence of thermal oxidation steps within this recipe is likely to have
contributed to the Ns difference. It is generally known that thermal oxide has a
faster growth rate on (111) surfaces, resulting in slightly thicker oxide compared
to (100). For the same thermal budget, a thinner oxide will result in a greater
depletion of the B surface concentration, as was also shown by Benick et. al.
through electrochemical-capacitance (ECV) profiling of B emitters with various
thermally grown oxide thickness [97].
Table 5.4. Sheet resistance and surface concentration data of nitride passivated B
diffused samples for lifetime measurements.
Surface

Diffusion

Sheet Resistance

Surface
Concentration

(cm-^)

R2

Recipe

(/?/•)

<100>

a

200

0.5x10" (±0.1x10")

0.975

<100>

b

150

4.3x10" (±0.9x10")

0.997

<100>

c

40

6.7x10" (±1.3x10")

0.975

<111>

a

180

1.8x10" (±0.4x10")

0.990

<111>

b

200

6.9x10" (±1.4x10")

0.996

<111>

c

61

7.0x10" (±1.4x10")

0.996
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5.4.2.1. The Effect of Surface Charge on Boron Diffused

Emitter

The variation of Seff with effective charge density for a B diffused sample
with a high surface B concentration is depicted in Figure 5.17. This sample is
taken from the diffusion group "h" with surface concentration approximately
5x10" cm-3 and a corresponding sheet resistance of -150 Q/d. An anneal in N2 at
a temperature of 400oC for 30 minutes was carried out prior to the charging
experiment in order to remove any thermally unstable defects. The effect of such
armeals will be discussed later in Section 5.4.2.5.

10'
I

•

negative c h a r g e

!

A

positive c h a r g e

10'

r

10'

r

i
CO

-2x10'-

-1x10'-

1x10

2x10

Figure 5.17. S^/ as a function of applied charge density for a B diffused annealed
sample with sheet resistance of -150 Q/d and Ns»5xl0i9cm-3. PECVD SiNx was
deposited at 450oC and the sample was subsequently annealed (30 mins 400°C in
N2). The black solid line is a fit to the data, while the red-dashed line shows the
modelling results obtained from the Girisch model.

Negative charges were initially deposited, followed by charge removal in
IPA solution and deposition of positive charge (according to the sequence
numbers given on the curve). The starting point (point 1), prior to any charging,
is given by Q/ (+5.8x10" cm-2). The results of Figure 5.17 show a reduction and
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eventual saturation of Seff as the surface is pushed into accumulation. This trend
is consistent with other reports in the literature, as is observed on both nitride
[136] and oxide passivated samples [90, 107-109]. In contrast to the trend
observed on undiffused samples following negative charge, both Joe and teff
improve with deposition of negative charge.
In order to simulate this behaviour further, an additional curve showing
the calculation of the extended Girisch model is provided [42, 43]. Figure 5.17
shows that a reasonably good fit to the data can be obtained when a suitable set
of modelling parameters is chosen. The Girisch model predicts a continued
decrease in Sejf as the negative charge der\sity is increased, while in practice,
saturation of Seff is observed. The reason for the saturation of Seff for high positive
or negative charge densities, rather than continued reduction as predicted by the
model, is not well understood.
The distribution of electron and hole capture cross sections and the
density of dopant-like defects over the bandgap energy that were used in this
application of the extended Girisch model are given in Figure 5.18. The
simulation was done by assuming a continuum of defect levels with midgap
ratio On/Op«102 and Ditd=2xlOio cm-W-^. This density and capture cross sections
of the traps were adjusted to fit the experimental data. However, it is not
possible to make definitive statements concerning the variation of defect density
or capture cross sections from the available data.
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0.2

0,4

0,6

0.8

Et-EV (eV)

Figure 5.18. Modelled energy dependence of the capture cross sections of
electrons (on) and holes (op) and dopant-like defect density (Ditd) that were used
to fit the experimental data as given in Figure 5.17.

It is interesting to note from the experimental results shown in Figure
5.17 that for a surface with relatively high doping, the application of charge can
still result in a significant reduction in surface recombination. Previous studies
on undiffused surfaces have found that surface recombination tends to saturate
for applied surface charge densities of 5x1012 cm-2 or less, with corresponding
surface majority carrier concentrations of 5 x 1 0 " cm-3 or less [112]. For the above
sample, Sejf is observed to saturate for applied charge densities of -5x10^2 cm^,
but the corresponding surface majority carrier concentrations are likely to be
significantly higher than 5 x 1 0 " cm-3. It must be kept in mind, however, that the
injection of holes from the substrate may mean that the change in the effective
charge density is much less than the change in the applied charge density, as
discussed in Section 5.3.
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5.4.2.2. Determination of Auger Recombination
In order to specifically analyse the SRH recombination due to the
interface defects, the recombination occurring within the emitter bulk due to
Auger

recombination

recombination.

Hence,

should

be

subtracting

distinguished
the

Auger

from

the

total

recombination

emitter

component

(referred as ]oe_Auger) from the total measured ]oe would allow the estimation of the
Joe_s

which is contributed by the interface defects.
The estimation of Auger recombination in this section was performed

using the generalised Auger parameterisation of Kerr et a/. [113], the bandgap
narrowing model of Schenk [63], and the Fermi-Dirac statistic based modelling
by Altermatt and Mcintosh et al. [62, 114] . The detail of such calculations was
discussed in Section 4.3.2.3. The emitter profiles of the (111) samples were used
to simulate the corresponding carrier concentration profile for each recipe. The
estimated Auger recombination proportions can be found in Table 5.5, where the
listed values in this table will be applied for the later calculations on both (111)
and (100) samples.
Table 5.5. Estimated emitter saturation current due to Auger recombination
within the emitter based on the emitter profiles in Figure 5.16. All values were
calculated at an injection level 4x10^5 cm-3 under open-circuit conditions.
Recipe

Simulated
Rsh(Q/o)

Simulated

Ns

Joe_Auger

(cm-^)

(fA/an^)

a

222

2x1019

10

b

165

1x1020

17

c

62

1x1020

42

It is shown in Table 5.5 that the estimated ]oe_Auger is increased as the surface
doping increases and the sheet resistance decreases. For the samples with heavy
diffusion (recipe "c"), it appears that the emitter recombination is dominated by
the Auger recombination rather than by the SRH recombination at the surface.
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Given the error from the carrier concentration measurements, the error in this
calculation is estimated to be ±15%.

5.4.2.3. The Effect of Surface Concentration and Surface Orientation
The effect of B surface doping level as a function of effective charge
density for (100) and (111) samples is presented in Figures 5.19 and 5.20,
respectively. In both figures, the proportion of ]oe from the emitter bulk (see Table
5.5) has been taken into account (subtracted) so that the Joe values in these figures
should be solely due to SRH recombination from the defects at the Si/SiNx
interface. All samples received anneals in N2 at 400°C for 30 minutes.
In agreement with previously published results [112, 136], all samples
show Joe saturation following application of a high density of negative charge,
which is usually observed at a an effective charge density in the range
5x1012 cm-3 to 1x10" cm-3.

300
. o

/Vj=5.0x10"cm"', R _ ^ = 2 0 0 o h m / s q

250 - «

A/j=4,3x10"cm'', R ^ = 1 5 0 o h m / s q

o

W = 6 . 7 x 1 0 " cm"', R

= 4 0 ohin/sq

200

I '50
100

50

-1,5x10'-

Figure 5.19.

-1 O x t O

-5 0 x 1 0 "

0.0

Surface defect related (SRH) component of emitter saturation

current density as a function of charge density for (100) samples featuring B
diffused emitters with various surface concentiations. The dashed lines are fit to
the data.
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300

•
1.8x10" cm''. R,^=180 ohm/sq
cm"', R^=200 ohm/sq
250 I- *
» Wj=7.0*10" cm'', R,„=61 ohm/sq
200

-

150

-

100

-

50

-

S

I

M*y-'

-1,5x10"

Figure 5.20.

-1.0x10"

-5,0*10"

0,0

Surface defect related (SRH) component of emitter saturation

current density as a function of charge density for (111) samples featuring B
diffused emitters with various surface concentrations. The dashed lines are fit to
the data.

At low charge density where Qs-0, ]oe is dependent on surface doping
concentration. A lower B surface concentration results in a higher Joe due to a
lower hole concentration

(and hence a higher minority carrier electron

concentration), which results in higher recombination. For the (111) samples, the
dependence of initial Joe on surface concentration is less pronoimced compared to
that of (100). Additionally, the magnitude of the initial ]oe is somewhat lower
compared to (100). This may be attributed to the higher surface concentration as
shown in Table 5.4. Overall, unlike the oxide passivated samples, the passivation
quality of PECVD silicon nitride is shown to be independent of surface
orientation.
For the case of (100) samples, the Joe values for a high applied density of
negative charge of samples with Ns=5xl0^^ and 4.3x101' cm-3 are almost identical.
Additionally, the accumulated ]oe of the heavily diffused sample is also
comparable to the samples with light diffusion. This suggests that the B surface
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concentration and the total amount of B within the emitter do not seem to have
strong influence on the interface properties. Similar to the (100) surface, the final
accumulated Joe values of (111) samples are foimd not to be sb-ongly affected by
the total B dose and B surface concenti'ation. However, the sample with light
diffusion and high B concentration shows anomalous behaviour, with a much
smaller Joe reduction following the application of charge than would be expected,
based on the other results. It is worth mentioning that this trend was consistently
observed across several samples from different batches.
It is therefore concluded that the Si/PECVD SiNx interface properties is
independent of surface orientation and is not a strong function of total B dose
and B surface concentration.

5.4.2.4. Comparison to the Undiffused

Surface

The comparison of surface recombination between undiffused and B
diffused samples under accumulation allows a further analysis of the
contribution of B diffusions upon interface defects. Results are presented in
Table 5.5. Any difference between the Seff of undiffused (extracted from the
accumulated

Joe)

and B diffused surfaces (from the accumulated

]oe_s,

following

subtiaction of the emitter bulk contiibution) is attributed to the presence of the B
diffusion.
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Table 5.5. Estimated emitter saturation current and surface recombination
velocity due to Si/SiNx interface properties, calculated at an injection level 4xl0i5
cm-3 imder open circuit conditions.
Sheet
Surface

Resistance
(syn)

Ns

(cm-')

Joe

Accumulated
(fA/cm^)

Recombination

due to

SVSiNx interface
Joe_S

Seff

(fA/cm^)

(ctn/s)

(100)

-

-

6.6

6.6

1.7

(100)

200

0.5x10"

41

31

7.9

(100)

150

4.3x10"

47

30

7.6

(100)

40

6.7x10"

68

26

6.6

(111)

-

-

6.3

6.3

1.6

(111)

180

1.8x10"

43

33

8.4

(111)

200

6.9x10"

78

61

15

(111)

61

7.0x10"

71

28

7.1

* Seffis

calculated from ]oe_s (using Eq.5.4)
Based on these results, it is concluded that the presence of B diffusion

introduces defects at the Si/SiNx interface of (100) and (111) surfaces. Thus, the B
diffused interface is not as good as that of undiffused (i.e. has a higher interface
defect density, or defects with greater capture cross sections), as has also been
observed for B diffused samples passivated with a thermal oxide [94, 95].
However, the results suggest that the magnitude of this degradation is not very
sensitive to the B surface concentration or B dose, over the range of
concentrations and sheet resistances investigated. Further, unlike the oxide
passivated samples, the magnitude of the interface degradation is shown to be
independent of surface orientation.
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5.4.2.5. The Effect of Annealing
Figure 5.21 illustrates the Joe values for a B diffused sample with diffusion
recipe " a " (Ns=5xl0i8 cm-3) and a nitride film deposited at 450oC. This figure
compares the ]oe, as a function of effective charge density, before annealing and
after successive annealing at a temperature of 400°C for 30 minutes in N2 then
FGA ambient.

600
500

D
•

A s Deposited
A n n e a l e d in N^

•

A n n e a l e d in F G A

400
300

f.

200

oti- o-

100
J

-2,0x10"

I

-1.5x10''

I

I

-1.0x10"

-5.0x10'

0.0

Q., (cm"')

Figure 5.21. Joe as a fimction of effective charge density for a B diffused (100)
sample with a sheet resistance of 200Q/d and Ns=5xl0i8 cm-3 The nitride film
was deposited in a remote high frequency PECVD system at 450°C.

The

measurements were before and after annealing in different ambient.

Annealing in N2 at moderate temperature was able to improve the
interface quality of B diffused surfaces, as indicated by lower Joe- The impact of
the anneal was similar in all B diffused samples irrespective of the surface
concentration. This improvement is in good agreement with the results shown in
Ref [23], Furthermore, it is shown that the introduction of H molecules did not
contribute to the passivation, since there is no further improvement shown
following second annealing in FGA. It is therefore suggested that the improved
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interface quality is more likely due to structural changes within the dielectric
[143, 144] and the removal of some defects at the interface at elevated
temperature [81]. The passivation of interface defects with hydrogen supplied by
the SiNx film may also have had some positive impact.
The effect of a high temperature armeal designed to mimic a firing
process on B diffused (100) sample is shown in Figure 5.22. This sample was
firstly annealed at 400°C for 30 minutes, followed by a short anneal (800°C for 5
seconds) in an RTA chamber. All armeals were performed in N2 ambient. The
surface doping in this sample is approximately Ns=5xl0i9 cm-^- while the nitride
film type is the same as those used in section 5.3.2.3. As previously mentioned,
the value of Qef in this figure may be erroneous, as an identical dielectric
constant was assumed for the passivating film both before and after annealing.

500

o As deposited
• Annealed at 400''C
400 • Annealed (RTA) at 800'C
300

/

200
if
100 .

-2,0x10"

-1,5x10"

-1,0*10"
-5.0»10"
Q^ {cm-')

00

Figure 5.22. ]oe as a function of effective charge density for a B diffused (100)
sample with Ns=5xl0i9 cm-^ The nitride film was deposited in a direct high
frequency PECVD system at 400°C. The measurements were taken before and
after annealing in N2 at different temperature.
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wtm.

It can be seen from Figure 5.22 that both moderate and high temperature
treatments do not affect the interface properties of the sample. This is in contrast
to the improvement in Figure 5.21 which is observed on a sample with different
nitride type. This result suggests that the nitride deposition method can
significantly affect the thermal response of a B diffused sample.

5.4.2.6. The Effect of Boron Diffusion

on the SiNx Passivation

of a

Textured

Surface
The estimated surface defect related component of emitter saturation
current (/oe_s) values for random pyramid textured B diffused samples passivated
with SiNx layers deposited at 450°C following negative charge deposition are
shown in Figure 5.23. This sample was fabricated using diffusion recipe "a"
which results in a sheet resistance of -2000,/a

with Ns=5xl0^^ cm-3. The

minimum Joe value of an undiffused sample with the same textured surface
under accumulation is also shown in this figure for comparison.

2000

B diffused
Undiffused

1500 -

1000 -

a a- $

a

500 -

JL.
-6*10'

-4*10"

-2*10'

Q^, (cm-')
Figure 5.23. ]oe (due to the interface defects) as a function of effective charge
density for undiffused and B diffused textured sample passivated by PECVD
SiNx film deposited at 450oC. The }oe value for undiffused sample is represented
by the minimum value under accumulation.

Investigation of Si/SiNx Interface Properties on Boron Emitters

The Joe_s values for both diffused and undiffused samples shown in
Figure 5.23 are substantially higher than those observed on planar samples.
When no surface charge was appUed (Qs=0), comparison of the B diffused
textured results to those of planar samples with similar sheet resistances and
same nitride films shows that a textured surface results in a factor of 5 to 6
higher Joe compared to (100) and (111) oriented surfaces. Some proportion of this
increase (approximately a factor of 2) can be ascribed to the larger surface area of
the textured samples (-1.7 times larger than for planar samples). The rest of the
increase (another factor of 2-3) must be the result of other causes, most likely
related to the surface morphology. The peaks, troughs and comers of the
pyramids, in particular, may be regions where the SiNx passivation is not as
effective as on a planar surface.
Upon the application of charge, the Joe ratio for both B diffused and
undiffused samples become greater when going from planar to textured
surfaces. Such condition is suspected due to the non uniform corona charge
deposition on the random textured surfaces. This is merely speculation; further
experiment is required to confirm the effect of charge distribution on textured
surfaces.

5.5. Summary
The properties of Si/SiNx interface on B diffused and undiffused samples
were investigated by lifetime and emitter saturation current measurements in
conjunction with the deposition of corona charge. The dielectric constant and
fixed charge density within the nitride film were determined from

the

accumulated capacitance and flat-band voltage using C-V measurements. These
parameters were subsequently used to estimate the effective charge density
which is defined as the sum of the fixed charge density and the surface charge
density measured from the Kelvin probe. However, this estimation is likely to be
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overestimated due to the injection of charge with opposite polarity from the
silicon into the nitride films.
The application of negative charge on tmdiffused surface leads to a
sigiuficant disagreement between

Seff

measured from Teff and

]oe.

This trend is

consistentiy observed on samples with various bulk doping concentrations and
dopant types, with nitride films deposited by different methods, either asdeposited or annealed at 400°C. It has been confirmed that this behaviour is not
attributable to the plasma exposure during the nitride deposition.
It is tentatively concluded that there are two possible mechanisms for the
unusual behaviour observed. The first possibility is that the surface is depleted
after holes are injected into the nitride films (these holes would compensate the
negative surface charge, reducing the net impact of the charge on the minority
carrier concentiation at the Si surface). This hypothesis implies that the Si/SiNx
interface of as-deposited or moderately annealed nitiide film has a very low
charge transfer barrier. The mechanism of carrier injection into or from the
nitride fUm is believed to be affected by the film properties, whereas the
modification of the nitride film properties following high temperature anneal at
SOQoC can inhibit the hole injection and therefore results in inversion or
accumulation. A second possibility is that defects are generated within a specific
region immediately beneath the surface. This hypothetical defect appears only
under certain conditions, and its properties are not well understood.
For a B diffused surface, the application of negative surface charge leads
to a significant reduction in Joe, even for samples with relatively high surface
doping (>4x1019 cm-3). The difference between the Joe under accumulation on B
diffused and undiffused samples indicates that the presence of B diffusion
degrades the Si/SiNx interface quality. This trend is observed on planar, with
(100) and (111) orientation, and also on textured surfaces.
The comparable passivation quality under accumulation of (100) samples
with different B surface concentiations (in the range of 5x10^8 to 6x101^ cm-3)
suggests that the degradation is not strongly related to the B surface
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concentration. However, the interface properties of (111) surfaces tend to be
more sensitive to the B concentration at the surface than identically prepared
(100) surfaces. It appears that the interface quality of heavily doped emitters is
comparable to the lightly diffused emitter, suggesting that the Si/SiNx interface
is less sensitive to the amount of total B doping.
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Conclusion

In this thesis, the electronic properties of B diffused emitters passivated
with

thermal

Si02,

LPCVD

Si3N4/Si02,

and

PECVD

SiNx

films

are

experimentally investigated. A particular focus of the work was the application
of surface charge on the passivating films, and the quantification of the impact of
the surface charge on surface recombination.
Carrier lifetime measurements were carried out using the contactless
photoconductance measurement system developed by Sinton [74], From these
measurements, the surface recombination parameters, in particular the effective
surface recombination velocity {Seff) and the emitter saturation current density
(Joe) were determined.

6.1. The Si/Si02 Interface of Boron Diffused Emitters
Electron paramagnetic

resonance

measurements

on

(111)

surfaces

confirmed that the presence of a B diffusion deteriorates the Si/SiOz interface
based on the increase of the paramagnetic defects, known as Ph centers. The ratio
of the increase in Ph centres due to the presence of B diffusion for the thermal
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oxide grown at temperature <900oC in this work is lower compared to the results
of thermal oxide grown at higher temperature [21]. The measurement on B
diffused surfaces also showed that the density of interface defect on the Si/Si02
interface of (111) surface is relatively independent of B surface doping.
The surface recombination velocity of the Si/Si02 interface with the
addition of a stoichiometric LPCVD nitride layer was also reported. Under
strong accumulation, the relationship between B surface concentration and the
interface properties of (100) and (111) surfaces was analysed. The main points
concluded from the experiments are as follows:
a. For lightly B diffused surfaces with similar sheet resistances, a higher B
concentration at the surface (with shallower emitter) results in better
passivation.
b. The Si/Si02 interface of B diffused (111) samples with LPCVD
nitride/oxide are substantially inferior to the corresponding (100)
interface, as indicated by higher Seff values under accumulation.
c. For both (100) and (111) surfaces, the passivation quality of the B
diffused, LPCVD nitride/ oxide passivated emitters is not strongly
affected by the B doping level at the surface.
d. The ratio of ]oe reductions (due to accumulation of the surface) of LPCVD
nitride/oxide passivated B diffused emitters, with surface doping in the
range of -1x10^® to 8x101® cm-^, was relatively constant. In most cases, the
}oe under strong accumulation was approximately 25% of the initial
(without

applied

concentration.

charge)

value,

irrespective

of

the

B

surface

Thus, charge can have a significant impact on surface

recombination, even on heavily doped surfaces.
e. The results of long term storage of samples with an oxide only and
samples with an oxide/nitride stack provide strong evidence that the

Conclusion

degradation of boron diffused, oxidized emitters is not due to any
intrinsic degradation, but rather due to the effects of moisture.

6.2. The Si/SiNx Interface of Boron Diffused Emitters
C-V measurements were performed to obtain information about defects
at the interface and in the SiNx film bulk, as well the charge density within the
PECVD SiNx films. The large degree of hysteresis observed in the high frequency
curves of unannealed nitride films indicates the presence of chargeable defects in
the SiNx film, and that the charge injection (from and to the nitride film) can
occur with ease. Further, the unannealed samples have a high density of
interface defects. Anneals at 400°C result in a reduction in the density of interface
defects and a densification of the SiNx film, which increases the barrier for
charge injection and results in a marked reduction in the amount of hysteresis.
The effect of surface charge application on the surface recombination of
PECVD nitride passivated, undiffused

and B diffused surfaces can be

summarised as follows (where it must be kept in mind that these results only
apply to the particular PECVD SiNx films investigated):
a. The application of negative charge on undiffused surfaces leads to a
significant

disagreement between

Seff

measured from Teff and

]oe,

irrespective of the dopant type and doping level of the substrate, or the
nitride film deposition method. Two possible reasons for this behavior
were considered, namely the creation of near-surface defects during the
PECVD nitride deposition process, or compensation of the applied
(negative) surface charge through the injection of holes from the
substiate, thus preventing the buildup of net negative charge in the film.
However, neither hypothesis seems to be well supported by the
experimental evidence.
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b. Nitride fUms annealed at high temperatures (SOQoC) did not result in the
unusual behavior mentioned in point a. This is suspected due to removal
of the near-surface defects and/or modification of the nitride films
properties (as the results of the film densification) which consequently
increases the charge transfer barrier.
c. A significant reduction in Joe, even for samples with relatively high
surface doping (>4xl0i^ cm-3), is observed following the appUcation of
negative surface charge on B diffused surfaces.
d. The presence of a B diffusion has been shown (indirectly) to introduce
defects at the Si/SiNx interface of planar (100) and (111) surfaces, since
the Joe under accumulation is always significantly larger than that of
undiffused samples, after taking recombination in the emitter itself into
account.
e. The available data suggests that, the degradation of the Si/SiNx interface
due to the presence of a B diffusion is not strongly dependent on the B
surface concentration, the total B dose (or sheet resistance) or the surface
orientation, over the range of sheet resistances and surface concentrations
studied. Because of the fact that recombination in the emitter can be a
significant fraction of the total measured

emitter

recombination

(particularly for lower sheet resistances) and that the estimation of the
contribution involves significant error, it is not possible to detect subtle
dependencies.
f. The surface recombination

of B diffused,

textured samples

are

substantially higher compared to otherwise similar planar, (111) oriented
samples. This indicates that the surface roughness, and in particular the
presence of peaks and corners, contributes substantially to surface
recombination.

Conclusion

6.3. Further Work
There are several suggestions for further work that can be made based on
the results of this thesis:
1. The effect of negative charge deposition which causes unusual behaviour on
as deposited PECVD nitride films deserves further study. Although some
hypotheses have been proposed in this thesis, the exact mechanism that
causes such behaviour is still not well understood.

Further, it is also

suggested that the investigation should include a study on the changes of
structural and optical properties of the nitride films following any thermal
tieatment, based on the different behaviour observed after negative charge
deposition on thermally-treated samples.
2. The presence of a very thin (chemically grown) oxide as an intermediate layer
underneath a PECVD nitride layer has been shown to cause an improved
passivation for B emitters following a high temperature firing step [25]. A
further study concerning the application of an intermediate oxide as a part of
PECVD nitride stack will be a challenging task in the future.
3. A further hfetime-corona charging experiment on textured surfaces is also
worth to be studied. Likewise mentioned in point 1, this aims to investigate
the significance of charge within dielectric layer upon the passivation of
textured surfaces. However, a method to quantify and possibly improve the
distribution and the uniformity of surface charge is required.
4. It was shown that the application of negative surface charge on B emitters
causes a significant reduction in /oe, generally by aroimd a factor of 4
compared to the initial value. This suggests that negative charge within the
passivation layer/AR coating is very useful for optimal passivation of B
emitters as well as undiffused p type surfaces. Saturation in Joe under
accumulation is generally observed at a charge density -5x1012 cm-2. Thus,
methods of achieving good surface passivation with films containing negative
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charge should be explored in more detail. Currently, AI2O3 [145] and
AbOs/SiNx stack [146] is being studied intensively for this reason. Other
possibilities, such as the injection and storage of negative charge in SiNx films,
are also being explored [147-149].
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Appendix

Appendix A

Sample Preparation
This section provides the common sample preparations for most of the
experimental works performed during the making of this thesis. For some
processing steps, such as boron diffusion, oxidation or nitride deposition, are not
covered in this section since these processes were mostly varied and therefore
the details can be found within the main chapters.
Process Name
Cleaving

Description
(100) samples were mostiy cleaved using a diamond
scriber, while the (111) samples were cut using diamond
saw.

Texturing

TMAH (tetramethylammonium hydroxide) is an
alkaline etchant for silicon. The hydroxyl ions (OH )
from this solution can etch along certain crystallographic
planes (i.e. (100) and (110)) and form a random foursided pyramids with (111) orientation.
Chemical

composition:

4%

TMAH

solution

with

addition of IP A and some seed powder from a 25%
solution precipitation.
Saw damage
etching

This process was done at least 3 minutes to etch
minimum of 30 }im of the wafer edges in order to
remove the wire saw damages. Each process was
followed by a short time dipping in diluted HF solution
to remove any oxides.
For the case of thick wafers, samples were subjected in a
TMAH boiling process prior to this process.
Chemical composition: HN03:HF = 12:1

RCA Clean

Samples were cleaned in RCA solutions prior to any
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furnace processing. This aims to remove any source of
contaminants on the samples due organic, inorganic, or
metal ions residues. There are two steps of cleaning
process, RCA 1 and 2. Each process was performed in
~70°C boiling solutions for 10 minutes.
Chemical composition:
RCAl - H20:NH40H:H202 = 5:1:1
RCA2 - H20:HC1:H202 = 5:1:1
Oxide (Nitride)
Removals

Samples were placed in 5-10% HF solution whenever the
removal of oxide or nitride layers was necessary. The
dipping process took at least 10 seconds until the sample
surface was hydrophobic.

TCA Clean

All furnaces were cleaned in a high temperature
(llOOoC) trichloro-ethylane cleaning for at least 20
minutes prior to be used for any processing. This
process aims to reduce contaminants as well as the
build-up of dopant sources from heavy diffusions within
the furnaces.

Forming Gas
Anneal

This step was performed at 400oC for 30 minutes in an
RCA cleaned furnace with a main gas flow of forming
gas (5% hydrogen in argon).
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Appendix B

List of Symbols
Symbol

Description

Unit

A
B
C
0(Csd

Area
Radiative recombination coefficient
Capacitance
Insulator (silicon) capacitance
High (low) frequency capacitance
Auger recombination coefficient for electrons (holes)
Insulator thickness
Ambipolar diffusion constant
Density of interface states
Acceptor (donor)-like states density
Electron (hole) diffusion constant
Conduction (valence) band edge energy
Fermi energy
Quasi-Fermi energy of electrons (holes)
Bandgap energy
Bandgap narrowing
Apparent bandgap narrowing
Intrinsic Fermi energy
Photon energy
Energy level of defect/ trap
Generation rate
Short circuit current
Average illumination intensity
Recombination current density
Photogenerated current density
Emitter saturation current density
Emitter saturation current density due to Auger
recombination
Boltzmann constant
Diffusion length
Electron (holes) concentration
Intrinsic carrier density
Effective intiinsic carrier density
Electron (holes) concentration at the surface
Electron concentration at thermal equilibrium

cm?
cm-3s^
F
F
F
cm-6/s
nm
cm2/s
cm-W-i
cm-2eV-i
cm2/s
eV
eV
eV
eV
eV
eV
eV
eV
eV
cm-3/s
A
A/cm2
A/cm2
A/cm2
A/cm2

CHF

(CLF)

Cn (Cp)
D
Damb
Du
Dua (DM)
Dn(Dp)
Ec(Ev)
EF

Epn

(EFP)

E.
AEg
Ei
Eph
Et
G
Isc
iav
hec
hec
Joe
}oe_Auger
K
L
n(p)
tii
n,,eff
ris (ps)
no (po)

A/cm2
J/K
cm
cm-3
cm-3
cm-3
cm-3
cm-3
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ni (pj)
NA (ND)
Nc (Nv)
Nit
Nt
Nph
Ns
q
Qeff
Qf
Qg
Qit
Qs
Rsh
S
Seff
S„o (Spo)
T
U
Us
UsRH
Dih
VFB
Voc
VT
W
Wm
An (Ap)
Arts (Aps)

£
}in (Hp)
^m {<^51}
^n (Op)
W (Ws)
a„ (ffp)
T
Th
Teff
Tno (Tpo)
Trad
T-Auger

X

Parameter in SRH recombination for electrons (holes)
Acceptor (donor) doping concentration
Density of states in conduction (valence) band
Density of defects at the insulator/semiconductor
Density of defects in the semiconductor bulk
Density of photon flux
Surface concentration
Elementary charge
Effective charge density
Fixed charge density
Charge density on gate electrode
Interface charge density
Surface charge density
Sheet resistance
Surface recombination velocity
Effective surface recombination velocity
Surface recombination velocity parameter for electrons
(holes)
Temperature
Recombination rate
Recombination rate via surface states
SRH recombination rate
Thermal velocity
Flat band voltage
Open circuit current
Thermal voltage
Wafer thickness
Maximum depletion region width
Excess electron (hole) concentration
Excess electron (hole) concentration at the surface
Permittivity
Electron (hole) mobility
Metal (silicon) work function
Quasi-Fermi potential of electrons (holes)
Potential (surface potential)
Electrons (holes) capture cross section
Carrier lifetime
Bulk carrier lifetime
Effective lifetime
Electrons (holes) capture time constant
Radiative recombination lifetime
Auger recombination lifetime
Electron affinity

cm-3
cm-3
cm-3
cm-2
cm-3
cm-2s-i
cm-3
C
C/cm2
C/cm2
C/cm2
C/cm2
C/cm2
Q/q
cm/s
cm/s
cm/s
K
cm'V s
cm-2/ s
cm-2/s
cm/s
V
V
V
Cm
Cm
cm-3
cm-3
F/cm
cm2/Vs
V
V
V
cm2
S
S
S
S
S
S
eV
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Appendix C

List of Acronyms
Acronym

Description

Al

Aluminium

AI2O3

Aluminium oxide

ALD

Atomic layer deposition

ANU

Australian National University

ARC

Anti reflection coating

B

Boron

BBti

Boron tri bromide

CZ

Czochralski

C-V

Capacitance-voltage

EPR

Electron paramagnetic resonance

FGA

Forming gas anneal

FZ

Float Zone

Ga

Gallium

H

Hydrogen

hit

High level injection

In

Indium

IPA

Isopropyl alcohol

Hi

Low level injection

LPCVD

Low pressure chemical vapour deposition

MIS

Metal-insulator-semiconductor

MOS

Metal-oxide-semiconductor

MNOS

Metal-nitride-oxide-semiconductor

N

Nitrogen

P

Phosporus

Pi,

A type of paramagnetic defect

PCID

Name of a one-dimensional numerical semiconductor simulation

PECVD

Plasma enhanced chemical vapour deposition

PERL

Passivated emitter rear locally-diffused

PERT

Passivated emitter rear totally-diffused

RTA

Rapid thermal anneal
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Si

Silicon

SiNx

Plasma silicon nitride

Si3N4

Stoichiometric silicon nitride

SiOz

Thermally grown silicon oxide

SRA

Spreading resistance analysis

SRH

Shockley Read Hall

TCA

Trichloro-ethylene
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Appendix D

List of Publications

N. M. Niirsam, Y. Ren, KJ. Weber, " PECVD Silicon Nitride Passivation on
Boron Emitter: The Analysis of Electrostatic Charge on the Interface
Properties",

Advances

in

Optoelectronics,

June

2010

(DOI:

10.1155/2010/487406).
N. M. Nursam, K. J. Weber, H. Jin, Y. Ren, P. Smith, "Investigation of Interface
Properties in Oxide Passivated Boron Diffused Silicon", Current Applied
Physics, vol. 10 (3), pp. S361-S364, May 2010 (D01:10.1016/j.cap.2010.02.053).
N. M. Nursam, K. J. Weber, Y. Ren, "Characterization of Boron Surface Doping
Effects on PECVD Silicon Niti-ide Passivation", presented at tJie 35"' IEEE
Photovoltaic Specialist Conference, Hawaii, U.S.A, June 2010.
N. M. Nursam, K. J. Weber, H. Jin, Y. Ren, P. Smitii, "Investigation of Si-SiOi
Interface Properties on Boron Diffused Emitter", presented at the 19"'
International Photovoltaic Science and Engineering Conference and Exhibition,
Jeju, Korea, November 2009.
Yongling Ren, Natalita M. Nursam, Da Wang, Klaus J. Weber, "Charge StabiUty
in LPCVD Silicon Nitride for Surface Passivation of Silicon Solar Cells",
presented at the 35"" IEEE Photovoltaic Specialist Conference, Hawaii, U.S.A,
June 2010.
K.J. Weber, H. Jin, C. Zhang, N. Nursam, W.E. Jellett and K.R. Mcintosh,
"Surface Passivation Using Dielectric films: How Much Charge Is Enough?",
presented at the 24"' European

Photovoltaic

Hamburg, Germany, September 2009.

Solar Energy

Conference,
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Yongling Ren, Natalita M. Nursam, Da Wang, Klaus J. Weber, "Charge Storage
Stability in Silicon Nitride for Surface Passivation", tJm 25"' European
Photovoltaic

Solar Energy Conference, Valencia, Spain, September 2010

(accepted).
Yongling Ren, Natalita M. Nursam, Da Wang, Klaus J. Weber, "Charge in
PECVD SUicon Nitride for Surface Passivation of SiUcon Solar Cells", Solar
2010 tlie 48^''Annual Conference of the Australian Solar Energy Society (AuSES),
Canberra, Australia, December 2010 (accepted).
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