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Abstract

Crystalline silicon continues to be the backbone of solar cell technologies. Enor-
mous efforts towards process optimisation, cell architecture and defect identification,
amongst others, thus continue to be made in order to push the limits of achievable ef-
ficiencies. Consequently, this thesis aims to provide an improved understanding of a
variety of defects related to light element impurities commonly found in silicon mate-
rials used for cell fabrication, and their effect on the minority carrier lifetime.

This thesis begins with a chapter which includes the motivation and outline of the
present document. There, a summary of the most important aspects of the presented
investigations and the relevance of the carried out work is described. In the subse-
quent chapter, a review on diverse silicon materials used for solar cell fabrication and
the characterization techniques applied by the author for the shown studies is con-
ferred. The most important chapters then are those which follow Chapter 2, where
all the contributions from this thesis are presented in the form of published, submit-
ted or submission-pending papers. Lastly, a concluding chapter is presented with final
remarks from the contributions from the thesis and further work.

Amongst the most important contributions from this work stand out the following:

1. The identification of a lifetime-limiting complex which includes atomic H on its
composition in phosphorous-doped Cz-Si crystals containing high levels of O
and C. These findings thus include the rather controversial remark of having the
ubiquitous H as a detrimental impurity for solar cell fabrication.

2. The identification of two previously unreported spectroscopic signals related to
two thermal-donor species present in P-doped Cz-Si which have recently been
suggested to limit the minority carrier of the material in literature. By means of
various junction capacitance techniques evidence disproving the validity of such
suggestion is provided.

3. The demonstration of a previously undetected spectroscopic signal attributed to
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a BO-complex in B-doped Cz-Si. Complex that appears to be related to the
responsible defect of the decades-long problem of light-induced degradation oc-
curring in solar cells made from this type of materials during the first few days
of their operation.

4. The demonstration of graphene oxide as a potential cheap alternative for silicon
surface passivation, and the identification of its primary passivation mechanism
as a field-effect coming from the GO’s negative surface charge.
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R., Bart, Salvador, Paco, Rakesh, Jack, Chris, Daniel M., David,Freddy and the rest of
my dearest friends, for their advice, help, support, encouragements and influence.

I would also like to thank my supervisors and mentors Tony Peaker, Vladimir
Markevich, Matthew Halsall and Aravind Vijayaraghavan for having the patience and
dedication to listen and support (at least some) of my ideas. What is more, to have
had so many enlightening discussions with me and demonstrate me what it takes to be
a remarkable scientist. I am also thankful to all the members of the university’s staff
who helped me with getting things done even when adverse circumstances in the labs
presented themselves. Thank you to Mal Mcgowan, Maddy Coke, Chloe Holroyd and
James Fitzsimons. Finally, I would like to thank CONACyT for sponsoring my studies.

10



List of publications

11



12



CHAPTER 1

INTRODUCTION

It has been the aim of the author to convey throughout the pages of this thesis the work
she has dedicated herself to do in the past three years. Work that has had the goal
of pushing the limits of our understanding in the area of silicon photovoltaics. It is
her belief that technological advances in areas such as the one of photovoltaics are on
the way of making a huge difference in the world we are living in. She is convinced,
however, that for truly making a difference it is of paramount importance not to loose
sight on the pursuit of an increased collective knowledge and deep understanding of
both, scientific matters, and the planets needs; where the human and environmental
needs are equally weighted. Therefore, a significant component of the authors moti-
vation is to be an active contributor to the transition of our society from the currently
non-renewable-energy dependent standpoint to a more environmentally-friendly and
sustainable one.

1.1 Motivation
Solar cell technology is one of the most appealing green technologies for the energy

industry at the present day. However an energy hungry society such as the one we
live in, requires any given technology to push to the very limits of development to
improve the conversion efficiencies. This is now even more essential due to the world’s
commitment to keep the global temperature rise below 2 degrees Celsius after the
establishment of the Paris agreement on the 4th of November of 2016.

Many efforts have been made towards the achievement of such a goal which have
now led solar energy generation to be one of the cheapest way of power generation,
undercutting coal and nuclear in several countries [11].

Despite all the improvements already achieved however, the fundamental Shock-
ley–Queisser 30% conversion efficiency limit with silicon technologies has not been
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14 CHAPTER 1. INTRODUCTION

reached. This is partly caused by the non–radiative recombination losses in the used
materials due to crystal impurity presence. Therefore, understanding and mitigation of
the effects caused by these impurities is still of paramount importance for the achieve-
ment of improved efficiencies.

With this in mind the objective of this research is to find and understand electrically
active defects in crystalline silicon, and the study of some surface passivation materials
for silicon. The materials we will be focusing here include both: phosphorous– and
boron–doped mono–crystalline silicon. Materials that combined currently take 32.2%
of the global annual solar cell production, with boron–doped silicon as the leading
sharer [2].

Hence, two thirds of the results chapters will be dedicated to study the effects of
impurities that are largely present in these materials, such as carbon, oxygen, hydrogen
and boron. While the last third will be devoted to new studies on graphene oxide,
which in recent years has gained a lot of attention, thanks to the graphene revolution,
as a cheap alternative to current surface passivation materials.

1.2 Outline
In this research project we aim to understand the interaction of some commonly

occurring impurities in crystalline silicon and how they affect its effective minority
carrier lifetime. Broadly speaking this thesis is divided in four parts, including: i)
literature review of relevant background topics (Chapter 2), ii) defects in phospho-
rous–doped silicon 1 (Chapter 3), iii) defects in boron–doped silicon 2 (Chapter 4),
with the inclusion of a chapter on graphene oxide (GO) as passivation material for
p–type silicon (Chapter 5), and iv) a conclusions chapter with this research highlights,
contributions and the discussion of further work (Chapter 6). Each results chapter (i.e
Chapters 3 - 5) include extended information on its relevance, related previous work
and it is presented in the form of published or submitted peer reviewed articles.

Firstly, an overview on silicon photovoltaics principles, solar and electronic grade
silicon production methods and their characteristics is presented. This is followed
by an explanation of lifetime limiting recombination mechanisms in silicon, and a
collection of characterization techniques which were used throughout this work.

Secondly, a chapter on the investigations of a recently found powerful recombina-
tion centre in phosphorous-doped silicon is presented. This, somewhat controversial,

1Henceforth referred interchangeably to n–type silicon
2Henceforth referred interchangeably to p–type silicon
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study shows how carbon, oxygen and hydrogen impurities interact in silicon to severely
reduce the bulk lifetime of the material and form a family of at least four defect lev-
els in the Si gap. The controversy residing in the fact that hydrogen is an impurity
deliberately incorporated into silicon during processing due to its proven passivation
capabilities. Nevertheless, the case of its interaction with carbon and oxygen in n-type
material has been overlooked, and so here we show that a significant detrimental ef-
fect is likely to arise from its presence in high carbon material. Details of this effect
is presented in form of already published material which is shown within the chapter.
In addition, on the last section of the chapter results related to a previously undetected
DLTS signal which we assign to the bistable thermal double donors (BTDDs) in n-type
silicon is given. Oxygen-related thermal donors which have been largely investigated
since the early 80’s have recently regained significant attention within the silicon re-
search community. This because of their unavoidable presence in Si, which lately have
been argued to be responsible for reductions in carrier lifetime. Through a series of
electrical measurements and characterisation we conclude that these defects act as ef-
fective carrier traps but not as powerful recombination centers and thus do not limit the
minority carrier lifetime.

Thirdly, a chapter focusing on a long studied problem affecting the solar industry
and commonly identified as the “LID problem”, for its acronym light–induced degra-

dation, is presented. LID constitutes a major commercial problem in B-doped cells
resulting in up to 10rel % degradation occurring during the first days of operation,
which even though has been reported to be mitigated by hydrogen passivation is still
not fully understood. Here we show for the first time the observation of a DLTS signal
related to the complex responsible for the degradation of boron–doped silicon after
carrier injection. This peak is related to a deep level defect, which appears not to be
a recombination centre but rather a carrier trap and precursor of the LID responsible
centre. Furthermore, our results strongly suggest the involvement of a shallow level in
the recombination process. This is in contrary to the existing literature which attributes
the carrier recombination to a pair of deep levels within the band–gap. These proposed
traps however have never been detected by any other technique besides lifetime spec-
troscopy and thus making their chemical and physical identification very speculative.
Accordingly, detailed information of our careful observations and hypothesis is pre-
sented in the form of an article which is in the process of completion and submission
for publication.
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Fourthly, an investigation of graphene oxide as a passivation agent on p-type sili-
con to reduce surface recombination is presented in Chapter 5. This chapter introduces
an extended review of GO’s structure and properties which have not been included on
the literature chapter (Chapter 2), which sets the foundation for its proposed poten-
tial application as a passivation material. This is then followed by the demonstration
through a series of experimental studies that low surface recombination velocities can
be achieved by the deposition of GO on some silicon materials. Furthermore, detailed
studies on the mechanisms responsible for this passivation have been carried out and
reported. It is demonstrated that the so-called field-effect passivation is the dominant
process taking place on the surface after deposition, in opposition to the existent spec-
ulation of a chemical passivation given in literature. These results are presented in the
form of a published article.

Lastly, a conclusions chapter will summarise the key results of this thesis, their
relevance to the photovoltaics community and the discussion of some of the required
further work.



CHAPTER 2

SILICON PHOTOVOLTAICS

The increasing global population and the energy requirement that comes with it, has
provoked a massive interest towards green energy generation which carries with it sev-
eral social and environmental benefits. To mention a few there are: economic growth,
job creation, carbon emission reduction, increased energy access, improved energy
security and air pollution reduction.

Many technologies have thus been applied all around the world to take part in
this green-energy transformation endeavour. On the top of the applied technologies
there are hydropower, wind and photovoltaic (PV) generation (see Fig. 2.1). Even
though hydropower generation is still the green technology with the highest installed
generation capacity in the world, it has not been growing as much in the last decade
[1]. On the other hand, wind and solar PV generation have been steadily growing in
the past decade. Last year PV energy generation grew by 32% followed by wind with
10% growth [1]. Such an impressive growth in PV has largely been achieved thanks
to the drop in fabrication cost and improved module efficiencies. There has been a
decrease of 73% in the global weighted average levelised cost of electricity of utility-
scale solar PV since 2010 [11] and an increase in efficiencies from about 12% to 22.8%
[12]. The latter being the averaged commercial efficiency of silicon-based modules for
residential applications [2, 12].

All this growth thus indicates that the international market is strongly betting in
favour of PV technologies. This however, also includes the development of PV tech-
nologies based on distinct materials and not just in silicon wafers. Substantial invest-
ment and work for example has been applied to develop and improve technologies
based on: Copper indium gallium selenide (CIGS), Cadmium telluride (CdTe), and
perovskites amongst others. Even though tremendous advances in efficiency by the
use of these materials have been achieved, as shown in Figure 2.2, the highest effi-
ciencies of commercial devices have been achieved with silicon-based cells. It has
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Figure 2.1: Global power generation capacity (2011-2017), taken from [1].

Figure 2.2: Development of laboratory solar cell efficiencies, taken from [2].
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therefore been the interest of the author during the course of her doctoral studies to
investigate those characteristics of silicon materials which have been known to limit
the achievable efficiencies in the solar cells made from them.

In this particular chapter we aim to convey a general picture of the relevant mate-
rials used for this technology, the details of a PV cell operation, the lifetime limiting
recombination mechanisms that reduce these cell efficiencies, and the characterization
techniques used throughout this project for the identification of defects in silicon.

2.1 Silicon for solar: growth and characteristics
The PV technologies currently available in the market are usually divided on three

categories: thin film (Cd-Te, a-Si and CIGS), multicrystalline silicon (mc-Si), and
mono-crystalline silicon (mono-Si), solar cells. The data show that from these tech-
nologies only 4.5 % of the global PV production was dedicated to thin films last year,
a percentage that has actually been decreasing in the last five years [2]. On the other
hand and despite some initial fluctuation in past years, mono-Si-based production in-
creased approximately 9% last year to reach a 32.3% of the total PV production [2].
This, while mc-Si PV production is still ahead of the rest, has been slowly but steadily
increasing since 2008, accounting last year for 60.8% of the total production.

These numbers thus add up to a remarkable value of 93% of the world’s PV pro-
duction in 2017 dedicated solely to silicon materials. It is then important to introduce
some of the most used silicon growth methods applied for wafer production. Noting
that during crystal growth large quantities of impurities can be introduced/formed due
to various process conditions. And as we will show in later chapters, some of these
impurities can severely limit the efficiency of the cell made from the given material if
care is not taken during its growth.

2.1.1 Cast silicon

As it has been mentioned before, the PV market is largely focused on solar cells from
multicrystalline silicon, which is produced by the so-called directional solidification
processes. Such processes have been used for decades and consist in pouring melted
polysilicon or upgraded-metallurgical silicon (UMG-Si) feedstock into a crucible and
allowing it to solidify by controlling temperature gradients [15]. An schematic of this
method is shown in Figure 2.3(a).
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(a) Standard unseeded cast process. Reproduced from [13].

(b) Seeded directional solification processes. From left to right, mono-like Si growth, Dentritic
growth and HPMS growth. Reproduced from [14].

(c) Noncontact-crucible silicon process. Reproduced from [13].

Figure 2.3: Crucible-cast silicon methods.
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Due to the maturity of this technology it has been possible to mass produce mc-
Si wafers for relatively low costs. Nevertheless, this cheap cost has been achieved at
the expense of material quality. On the one hand there is the incoming contamination
from the feedstock used for silicon crystallization. The feedstock quality depends on
the applied method for metallurgical silicon (MG-Si) purification which is obtained by
the reduction process of raw quartz in the presence of carbon. This purification can
generally be attained by various processes which can broadly speaking be divided in
two categories identified as: the chemical route and the metallurgical route of purifica-
tion. The chemical route involves the purification of the MG-Si by its transformation to
trichlorosilane via hydrochlorination and subsequent distillation, such as the so-called
Siemens process. This process has been largely developed and can lead to extremely
pure polysilicon rods, however its application require the use of very high-temperature
reactors which are not environmentally friendly nor energetically efficient and thus
very costly. Alternatively, the metallurgical route involves the purification by metal-
lurgical methods such as controlled fusion, re-fusion and solidification which is many
times more energetically efficient that the chemical route. However, the resulting ma-
terial from this process suffers from rather high levels of metallic and light impurity
contamination such as Fe, Cu, Ni, B, P, Ca and Cl. Several studies have been conducted
to determine the maximum allowable concentration of these impurities for acceptable
solar cell efficiencies, nevertheless the purity of the UMG-Si still under the one given
by the chemical route.

On the other hand however, even when the quality of the used feedstock in the cast-
ing process is high, presence of extended defects i.e grain boundaries and dislocations
still exist. These unwanted characteristics are largely related to the direct contact the
crystal has with the crucible during growth, or to the crystallographic defects generated
by the seeds. Nevertheless, even when seeds are not used during growth, the crucible
contact to the silicon promotes an abundance of grain nucleation sites and confinement
of the crystal to its walls at high temperatures. In addition, there is the introduction of
species during growth such as C, O, P, B, Cu, Al, Ni, Fe, Mn, Cr, Ti and Mo which can
be very significant. Many efforts in the field of defect engineering have and continue
to be made towards the reduction of these defects. For instance by the application of
gettering processes, or crucible-coating materials such as Si3N4, SiO2 or Si for the
impurity shielding [15, 16]. These procurements have in turn yielded to material with
acceptable efficiency levels for commercialization.
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However, there is still a lot of scientific work dedicated to improving casting meth-
ods and so new methodologies keep emerging. A few reviews such as the ones pro-
vided by Kivambe et al. and Lan et al. in Ref. [13] and [16], respectively, give a
good insight into these technologies. The most relevant amongst those are the so-
called high-performance mc-Si (HPMS) growth, the mono-like silicon growth and the
noncontact-crucible silicon process (NOC-Si). The mono-like silicon process as de-
scribed by Stoddard in Ref. [17], and depicted in Figure 2.3(b), emerged as a potential
low-cost high-quality PV silicon material, which was once predicted to take over the
market [13]. Nevertheless, this technology presented some drawbacks that did not have
the time to be resolved before a new technology arose, the HPMS method [13, 14, 18].
The HPMS was introduced in 2011 by Lan’s group during the 5th International Work-
shop on Crystal Growth Technology (2011) [19], and consists in the utilisation of small
randomly placed Si-crystal seeds as depicted in Figure 2.3(b). In fact, as described
by the author, this method originated serendipitously while pursuing to improve the
dendritic method also depicted in Figure 2.3(b). Since then this technology has been
adopted by several companies and reaching a remarkable 21.63% efficiency in some
of the cells fabricated with it [19].

Even though the aforementioned methods have allowed more affordable prices for
commercialisation, significant cost related to the still present impurities in the crystals
that reduce the efficiencies need to be reduced. With this problem in mind, other
technologies have been actively explored to reach the goal. For instance the NOC-Si
method, also known as the Kyropoulos method [15] and shown in Figure 2.3(c), have
recently regained attention [13]. The idea behind this method is to avoid in-diffusion of
impurities from the crucible, and reducing stress and grain nucleation from the crucible
walls. In the process there is no contact to the walls since nucleation of the crystal
begins by seeding at the top of the crucible and allowing solidification by either pulling
and/or controlling the temperature distribution of the furnace. Cells made from these
materials have been proved to achieve 19.6% efficiencies and milliseconds lifetime
[13].

2.1.2 Czochralski and Continuous-Czochralski

This method was named after J. Czochralski, a Polish chemist who established a tech-
nique for the measurement of the metal crystallization velocities in 1918. Nevertheless,
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it was the work of Teal and his team [20] that proposed a modified version of Czochral-
ski’s basic principle to grow mono-crystalline ingots that has incrementally been used
in solar industry [2, 21]. The Czochralski (Cz) method is by far the most widely used
process to produce high quality mono-crystalline silicon in the solar industry. Its pu-
rity has allowed the fabrication of remarkably high efficiency cells of record breaking
values [11]. The Cz method is capable of reducing the impurity concentrations in the
grown crystal by careful pulling and rotation control in the process due to segregation.
The segregation coefficient in the Cz process is so high that most of the metallic im-
purities during growth remain in the melted silicon and thus separated from the grown
solid crystal. Therefore and different from, the silicon crystals produced by the cast
process described in the previous section, Cz is not very susceptible to those high
impurity levels coming from low quality feedstock [22]. This property gives the Cz
process a huge advantage in cost from the initial material required for growth over the
cast silicon. A typical Cz silicon crystal system is depicted in Figure 2.4(a), and the
growth process can be summarised in four steps as follows:

1. Polysilicon chunks are melted at temperatures above 1420◦C in a quartz crucible
under inert atmosphere.

2. The melted silicon is kept at high temperatures while all traces of solid disappear
and all tiny bubbles are expelled, this is to avoid voids in the crystal.

3. A small piece of crystal with the desired orientation called a seed is then placed
on top of the melt until it starts to melt. Afterwards the seed is pulled out with a
specific withdrawal speed and rotation velocity. Optimisation of these velocities
and the temperature of the melt yield to the silicon ingot desired characteristics
such as the diameter. During this process inert gas (usually argon) is injected
from top to bottom inside the chamber to flush the produced silicon monoxide
(SiO) and carbon monoxide (CO) produced by the process.

4. Finally, when the desired diameter is achieved the process of controlling the
pulling rate and temperature continues almost until the end of the melted silicon.
Towards the end of the growth the pulling rate is reduced, mainly due to heat
radiation from the crucible which increases the temperature of the exposed ingot.
In addition, it is necessary to gradually decrease the diameter of the growing
crystal near the end of the growth to avoid or minimize thermal shock which can
cause slip dislocations at the tail. When the diameter is small enough it can be
separated from the melt without dislocations.



24 CHAPTER 2. SILICON PHOTOVOLTAICS

(a) Schematic of a typical Czochralski crystal
growth system

(b) Schematic of carbon and oxygen intro-
duction during crystal growth

Figure 2.4: Czochralski single-crystal growth method schematics taken from [3].

Even though this method has increasingly being used for PV production due to
the low chemical defect concentration typically obtained, and its almost non-existent
structural defect concentration, it is still not perfect. This because there are some
impurities that are inevitably introduced to the ingot during growth and can greatly
affect the properties of the material.For instance there exist the light element impurities
such as C and O which are unavoidably encountered in Cz-Si. The main sources of
these defects are depicted in Figure 2.4(b), for instance from the quartz crucible and the
graphite heaters. The reaction that occurs due to the interaction of the crucible and the
melted silicon produce SiO. Most of this SiO is evaporated and expelled with argon,
nevertheless, the rest of it is incorporated to the silicon crystal yielding to average O
concentrations of ∼ 3−5x1017cm−3. In the case of C we know that its incorporation
(< 2x1017cm−3) is mainly coming from the polycrystalline chunk material and the
generated CO on the graphite components [23].

Several techniques have actively been applied to reduce the level of contaminants
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by process optimisation and set up modifications, which have in turn made Cz material
purer and in some cases cheaper to produce. This is why despite the still present
contaminants the Cz method is the most widely used process in solar industry for
monocrystalline silicon growth. As a matter of fact, Cz market share is predicted
to keep growing for at least five years before reaching a plateau [21], therefore its
electrical property characterization remains a hot topic in the literature.

♦ Continuous Czochralski
Crystal growth by Czochralski method gives many advantages to the silicon in-
dustry, however its production cost is not optimum. This is because it is largely
dependent on the cost of the quartz crucible. Furthermore, in the conventional CZ
process only one crystal is grown per crucible charge. Meaning that the crucible
is just used once and then discarded. The reason being that the small leftover of
melted silicon cracks the crucible as it cools down from the very high temperature
process. One approach to tackle this problem is the so-called Continuous Czochral-

ski (CCZ) method, which was first demonstrated by Fiegl [24] in 1983 based on
a two-container system. In the CCZ method the quartz crucible is constantly feed
with polysilicon in order to maintain a constant volume of melt and hence avoid the
cracking.

In addition to cost reduction by crucible recycle in CCZ silicon, the growing condi-
tions can be considered steady [3]. This is a great advantage over the conventional
CZ method which due to its unsteady kinetics arising from the change in melt con-
ditions, provokes many inhomogeneities in the grown crystal. For instance, the
significant oxygen introduction in conventional CZ can be largely reduced by the
volume and aspect ratio of the melt manipulation in the CCZ method [24, 25]. It
should be mentioned however that the different thermal histories of each part of the
grown crystal do play an important roll on its uniformity. Therefore it is a common
practice to apply some post-growth treatments such as high temperature annealing
that are required to achieve better quality crystals.

2.1.3 Float Zone

The float zone method (FZ) was firstly used to refine binary alloys and was invented by
Theurer in 1962 [26]. This method, similar to the Cz method, has enabled the growth
of high purity silicon crystals, and have arrived to be known as “electronic-grade”
silicon (EG-Si)[15]. However, due to cost limitations this is a method not commonly
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used in the solar cell industry. In fact, according to the 2017’s International technology
roadmap for photovoltaics (ITRPV) report, this material will cease to be used for PV
mass production in the following years. Nevertheless, it is still largely used in PV
literature since it can serve as a control sample for many defect identification studies
because of its low impurity content [27, 28].

Unlike Czochralski growth, the FZ method does not require the contact of the grow-
ing ingot to a crucible material or heaters, and during growth the crystal seed with de-
sired orientation is placed at the bottom and not on top of the melt. Moreover, different
from the CZ method the FZ process consists in the conversion of a polysilicon rod to
a single-crystal ingot by passing the melted rod through a heated coil which does not
exist in the CZ set-up. We outline the process in three key steps which are also depicted
in Figure 2.5:

1. The crystal seed of desired orientation is contacted and fused with the tip of the
polysilicon rod, which is called the seeding.

2. After seeding, a thin neck of 2-3 mm in diameter and 10-20 mm in length is formed,
the so-called necking process. This is a key process since it is used to eliminate
dislocations in the crystal caused by thermal shock.

3. Finally, the polysilicon rod is passed all along the coil with a predetermined power
and travel rate. Parameters that are used to control the shape of the molten zone and
the ingot final diameter.

Overall FZ crystal growth is well known for its remarkable purity, which is the
result of the low level of interaction with external materials that the ingot is subjected to
during growth and the high segregation coefficient. This low level interaction give rise
to the almost negligible (1x1016cm−3) concentration of oxygen in FZ silicon. These
high quality crystals allow to achieve high resistivity wafers of between 10 and >

10,000 Ω cm whereas with CZ grown ingots this it not possible and resistivities of 50
Ω cm or below can only be achieved.

It must be pointed out however that there are some defects in FZ silicon which are
also unavoidable and can lead to cell efficiency losses. For instance, depending on
growth rate and thermal gradient ratio during the FZ growing process, there always
exists the incorporation of intrinsic defects (i.e self-interstitials and vacancies). Re-
cently Grant et al. [28] have shown that heat-treatments of FZ samples in the range
450 - 700 ◦C results in a severe reduction in minority carrier lifetime in both, n- and
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Figure 2.5: Float zone single-crystal growth method schematics reproduced from [3].

p-type silicon. Their studies suggest that this degradation is related to vacancies in
the material, but also determines that high temperature annealing processes (> 1000
◦C) can permanently annihilate the responsible defects. However, this is not the only
case of degradation of FZ material that has been recently reported. Another impor-
tant observation was made in 2015 by Grant et al.[29] in a set of p-type samples that
were phosphorous gettered at 880 ◦C or illuminated with 0.2 suns intensity for 24 h
and resulted in the degradation of p-type FZ material. They proposed that the de-
fect behind the degradation could not be related to the boron-oxygen (BO) complex
responsible for light-induced-degradation (LID) in Cz silicon, but that it is instead re-
lated to a lattice-impurity or an impurity-impurity metastable defect. Further studies
have also discarded the possibility of BO to be responsible for the degradation [30, 31]
and suggested the involvement of hydrogen in the complex [30]. Many more studies
are however still required to fully identify the lifetime limiting defects in FZ material
and the idea of it being prone to degradation established.

2.2 Recombination in crystalline silicon
So far we have reviewed the significance of PV in relation to today’s power genera-

tion demand, and introduced the top silicon growth methods used by the solar industry
which will allow for competitive prices to fulfil such demand. In this section we sum-
marise key aspects of a solar cell operation and describe the mechanisms by which
recombination of carriers in semiconductors occur. We then finalise the section by
discussing some existing surface passivation materials used for the reduction of the
unavoidable active recombination centres at the silicon surface.
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The generation of energy by a photovoltaic cell consists primarily of four steps.
Firstly, sunlight generates a pair of carriers (electron-hole pair) through the excitation
of an electron from the valence band to the conduction band. Secondly, the carriers are
separated by the junction and a current flow is generated. Thirdly, an agglomeration of
the generated negative/positive charges (electrons/holes) is created in the n-doped/p-
doped material. Fourthly, the agglomeration promote the formation of an electric field
between the charges in opposite direction of the intrinsic electric field in the junction
with a strong enough net force that limit the diffusion of the carriers through the junc-
tion. So that, when the emitter and back contact are in a short-circuit configuration
a current flows through the emitter until it closes the circuit at the rear contact. This
whole process is known as the generation mechanism and is what PV researchers strive
to optimise.

However in reality there are several other processes occurring within the applied
semiconductor materials that hinder the achievement of optimal generation rates. These
antagonistic processes are the so-called recombination mechanisms which prevent the
entire generated carrier collection at the contacts of the devices and they exists because
of the presence of electrically active defects in silicon. Defects that are introduced dur-
ing silicon growth or solar cell production processing. So, henceforth we will define
the most important recombination mechanisms and their mathematical representations.
This will then build the foundation for the understanding of the lifetime limiting de-
fects studied in Chapters 3 and 4.

The four recombination mechanisms which we will discuss in the following sec-
tions are present in every silicon crystal in different proportions and are directly re-
lated to the lifetime of the minority carriers, τ. Nevertheless, experimentally it is the
so-called effective lifetime,τe f f , what we most often use to characterise the materials.
τe f f is composed by the sum of the reciprocals of each recombination lifetime, namely:
Shockley-Read-Hall lifetime, τSRH , Auger lifetime, τAug, radiative lifetime, τrad , and
surface lifetime, τsur f , and expressed as:

1
τe f f

=

(
1

τSRH
+

1
τAug

+
1

τrad

)
+

1
τsur f

=
1

τbulk
+

1
τsur f

(2.1)

Equation 2.1 allows to understand the relevance of the recombination mechanisms
on the overall minority carrier lifetime, which we know directly affect the efficiency of
the terminated solar cell.

Now, generally speaking, we can classify the recombination mechanisms as intrin-

sic or extrinsic recombination mechanisms. Within the intrinsic mechanisms we have
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the radiative recombination and the Auger recombination, mechanisms that are always
present in the crystal to some extent, no matter what growth technique is used. The
most common occurrences of these two mechanisms involve band to band transitions,
however sometimes discretely formed levels within the band gap can also take part in
the recombination process. On the other hand, the extrinsic mechanisms requires the
presence of these intermediate levels as stepping stones for the electrons to encounter
with the holes and recombine. The most usual defects that introduce transition levels in
silicon are: a) vacancies or voids, b) interstitial/self-interstitial atoms, c) dislocations,
d) precipitates, e) substitutional atoms, and f) dangling bonds. This type of recombi-
nation process is commonly termed Shockley-Read-Hall (SRH) recombination.

In order to gain a better understanding on each of these processes in the following
sections we will describe their principles.

2.2.0.1 Radiative recombination

Just as it is designed to occur in light-emitting diodes (LED), the radiative recombi-
nation consists in the direct annihilation of an electron-hole pair while releasing the
excess energy in the form of a photon of equal energy as the band gap. This is actually
the inverse process of optically-excited generation. Now, because this event requires
an electron to fall from the conduction band to the valence band and encounter with a
hole to recombine, the radiative recombination rate directly depends on the available
free electrons and holes in the conduction and valence bands respectively. Thus, we
can express the net recombination rate Urad in the form:

Urad = B(np−n2
i ) (2.2)

where the coefficient B reflects the probability of a radiative transition and is particular
of each semiconductor. In the case of crystalline silicon, the coefficient in the literature
is found to be B = 1 x 10−14 cm−3s−1 [32]. Similarly, n and p represent the electron
and hole densities respectively. Finally, ni stands for intrinsic carrier concentration.

If now we consider non-equilibrium concentrations of electrons and holes such that

n = n0 +∆n and p = p0 +∆p

where n0/p0 and ∆n/∆p represent electron/hole equilibrium concentrations and elec-
tron/hole excess carrier densities respectively and assume charge neutrality (∆n = ∆p).
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Figure 2.6: Recombination mechanisms: a) Radiative recombination, b) Band to
band Auger recombination and c) Multiphonon or SRH recombination.

Then, we can express the radiative recombination lifetime τrad as

Urad = B(n0 + p0)∆n+B∆n2 ⇒ τrad =
1

B(n0 + p0)+B∆n
(2.3)

This expression can be further simplified when the conditions of low-level injection
(∆n� n0 + p0) and high-level injection (∆n� n0 + p0) are met, giving rise to the
relationships1:

τradLLI =
1

BNdop
and τradHLI =

1
B∆n

(2.4)

with Ndop standing for doping concentration (usually in the range 1013−1020 atoms
per cm3 [32]). It is possible to see from Eq. 2.4 that in the low-level injection regime
τrad remains constant and proportional to the inverse of doping concentration. While
under high-level injection conditions τrad decreases as the injection increases, this in-
dependently of doping concentration. An schematic diagram of the radiative recombi-
nation is included in Figure 2.6 (a).

2.2.0.2 Band to band Auger recombination

Auger recombination is traditionally considered to be a three-particle interaction pro-
cess. This is due to the fact that when an electron-hole pair recombine the released
energy is absorbed by another free carrier which in turn releases its energy mainly by
lattice vibrations. This process is shown in Figure 2.6 (b). If we assume that the charge

1Henceforth subscripts HLI and LLI represent high-level injection and low-level injection, respec-
tively.
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carriers are non-interacting quasi-free particles [33], then, depending on the charge of
the third carrier we can define the Auger recombination rate UAug to be either propor-
tional to n2 p (eeh-process) or p2n (ehh-process) and calculate the net recombination
with

UAug =Cn(n2 p−n2
0 p0)+Cp(np2−n0 p2

0) (2.5)

where Cn and Cp represent the Auger coefficients of the eeh- and the eeh-process,
respectively. Correspondingly, for Auger recombination we can relate the lifetime τAug

to the injection level as follows:

for n-type silicon

τAugLLI =
1

CnN2
D

and τAugHLI =
1

(Cn +Cp)∆p2 , (2.6)

and for p-type silicon

τAugLLI =
1

CpN2
A

and τAugHLI =
1

(Cn +Cp)∆n2 (2.7)

As can be seen from Eq. 2.6 and 2.7, the Auger lifetime is generally dependent on
the inverse square of the carrier density (τAug ∝ 1/n2). This shows a stronger depen-
dence on injection level than τrad , resulting in the Auger process being the dominant
mode recombination for high injection levels in silicon. Moreover for low-level in-
jection conditions, τAug will remain constant and dependent on the inverse square of
doping concentration.

2.2.0.3 Shockley-Read-Hall (SRH) recombination

The presence of lattice imperfections (e.g vacancies, interstitials, etc.) in silicon in-
troduce discrete energy levels within the band gap as depicted in Figure 2.6 (c). Such
energy levels effectively help the free carriers to encounter and recombine.

In this work we will focus in two specific classes of interactions through interme-
diate levels. The first interaction occurs when the generated transition level acts as a
recombination center. In this case a free electron from the conduction band (CB) and a
free hole from the valence band (VB) are successively captured by the defect level and
annihilate each other. Or, when an electron relaxes from the CB to the defect level and
then relaxes again to reach the VB and recombine with a hole. This last process can
also appear in opposite direction, so that the hole from the VB is captured by the defect
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level and then attracted to the CB where it recombines with an electron.The second in-
teraction happens when the defect level act as a trap. This process can be identified
when a free carrier is captured by the defect level and subsequently injected back to its
previous energy state either in the valence or conduction band. Meaning that the defect
level interacts with only one of the two bands and no recombination occurs.

The dynamics of the recombination through mid-gap discrete levels were first anal-
ysed by Shockley and Read [34] and Hall [35] in 1952, deriving the equation for the
recombination rate USRH for a single defect as:

USRH =
np−n2

i
τp0(n+n1)+ τn0(p+ p1)

(2.8)

with

τp0 ≡ [σpνthNT ]
−1 , τn0 ≡ [σnνthNT ]

−1 (2.9)

and

n1 ≡ ni exp
(
−Ec−ET

kT

)
, p1 ≡ ni exp

(
−ET −Ev

kT

)
(2.10)

with Eq.2.9 expressing the fundamental hole and electron lifetimes in relation
with thermal velocity of charge carriers νth, trap concentration NT , and capture cross-
sections of holes and electrons, σp and σn, respectively. While Eq.2.10 defines sta-
tistical factors in terms of the intrinsic carrier concentration, ni, the position of the
conduction and valence band edges, Ec and Ev, respectively, and the energy of the trap
, ET .

As it follows from the derivation of the radiative and Auger lifetime expressions,
the SRH lifetime τSRH is given by:

τSRH =
τn0(p0 + p1 +∆n)+ τp0(n0 +n1 +∆n)

n0 + p0 +∆n
(2.11)

From Eq. 2.11 it can be seen that the SRH lifetime depends on carrier injection
level and the dopant density (through n0 and p0), this in addition to the trap specific
properties such as trap concentration, trap energy level and capture cross-section. This
is the type of defects referred to as deep level defects. Furthermore, for such deep
levels, the SRH lifetime can be simplified for the cases of low- and high- injection
conditions such that we can express it as follows:
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τSRHLLI = τp0 and τSRHHLI = τn0 + τp0, for n-type silicon (2.12)

and

τSRHLLI = τn0 and τSRHHLI = τn0 + τp0, for p-type silicon (2.13)

As can be seen from Eq. 2.12 and 2.13 the SRH lifetime increases with injection
density and the greater difference between τn0 and τp0 the greater the increase in SRH
lifetime will be.

2.2.0.4 Surface recombination

We have discussed that it is extremely difficult to attain perfect silicon crystals due to
process contamination and stress in Section 2.1. Nevertheless, it is even harder to avoid
the abrupt discontinuity created at the surface/interface of the crystal during wafer cut,
which results in a large quantity of incomplete silicon bonds. Such dangling bonds
give rise to a great density of electrically-active defects and therefore a very effective
recombination centers. It is obvious that this recombination mechanism at the surface
is then a special case of SRH recombination. And what makes it a special case is the
fact that unlike SRH bulk centres these defects do not usually occupy a single energy
level. Meaning that they are very often continuously distributed throughout the bad
gap [32]. Therefore, the interface trap density Dit(Et) and the capture cross-sections
σn(Et) and σp(Et) are dependent of the trap energy Et . This is an extended formalism
and is used to calculate the numerous defect levels existent in reality, while Eq. 2.8
still valid for individual interface traps. Thus, the overall surface recombination Us is
given by [36]:

Us = (ns ps−n2
i )

∫
Ec

Ev

νth Dit(Et)
ns + n1
σp(Et)

+ ps + p1
σn(Et)

dEt (2.14)

Here, ns and ps stand for the electron and hole density at the surface and n1 and p1

are given in Eq. 2.10.

In contrast to the bulk recombination given by Eq.2.8, the surface recombination
rate Us is a rate per unit area instead of per unit of volume. This difference makes it
necessary to define a new quantity for the characterization of surface recombination,



34 CHAPTER 2. SILICON PHOTOVOLTAICS

the so-called surface recombination velocity S and expressed by the following equa-
tion:

S≡ Us

∆n
(2.15)

Even though the S value is very often used in literature for surface recombination
quantification, for a symmetrically passivated wafer with S < 250 cm/s [32, 37], Eq.
2.1 can be also related expressed as

1
τe f f

=
1

τbulk
+

2Se f f

W
(2.16)

where following from Eqs. 2.14 - 2.16 can be written as

Se f f =
1

∆n
ns ps−n2

i
(ns +n1)/(νth Ditσp(Et))+(ps + p1)/(νth Ditσn(Et))

(2.17)

where Se f f is an effective recombination velocity that is also widely used for sur-
face recombination characterization [4].

2.2.0.4.1 Surface passivation materials

The efficiency of solar cells is severely affected by recombination losses at the surface
of the wafer [4]. In fact, record-breaking efficiencies in silicon cells have been partially
the result of outstanding surface passivation levels achievements [4]. The application
of certain techniques to reduce surface recombination is called surface passivation and
it is a topic of extensive research up to this day [38]. There are primarily two types
of passivation, the so-called chemical passivation and field-effect passivation. On the
one hand, chemical passivation follows from the expression (2.14), where it is shown
that the surface recombination rate, Us, is proportional to the interface trap density, Dit .
Accordingly, one way to decrease Us is by the reduction of existing unsaturated atoms
at the surface, for instance by means of atomic hydrogen introduction, thin dielectric or
semiconductor films. On the other hand, the field-effect passivation also follows from
Eq.2.14 which shows that the highest recombination rate is achieved when the ratio
ps/ns is approximately equal to σn/σp [39]. Therefore, one can also reduce the surface
recombination by decreasing the density of one carrier type at the surface, which can be
achieved by two methods. One approach is the formation of an electric field penetrating
the semiconductor surface modifying the surface carrier concentration. The second
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Figure 2.7: Se f f of n- and p-type Si with νthDitσn(Et) = 10× νthDitσp(Et), ∆n =
1015cm−3 calculated from Eq.2.17 as a function of positive and negative Q f , dopant
concentration Ndopants, and uniform interface charge Qit = 1011e/cm−2 reproduced
from [4].

approach is the introduction of dopants in high concentrations of either carrier type
near the surface, which will form a gradient of charge carriers near the surface. In
this review however, we will only pay attention to that case where the field-effect is
achieved by the formation of an electric field by dielectric material fixed charge, Q f .

An insightful simulation on the effect of the dielectric-material fixed charge in the
effective recombination velocity, Se f f , firstly presented by Dingemans et al. in [37]
and extended by Bonilla et al. in [4] is shown in Figure 2.7. From these results we can
conclude that the effect of Q f in the field-effect passivation is specially prominent for
values of Q f > 1011 cm−2. Furthermore, it is evident from the same figure that when
Q f > 0 the passivation is expected to be better than when Q f < 0. The reason of the
latter being that capture velocity of electrons is higher compared to that of holes which
is commonly observed at dielectric/silicon interfaces [4].
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However, speaking in general terms the effectiveness and suitability of a passiva-
tion material depend on three key characteristics:

1. Characteristics of the wafer to be passivated: Doping type and silicon resistivity.

2. Physical properties of the passivation material: Thermal/UV/long-term stabil-
ity, parasitic absorption, refractive index, fixed charge and lattice constant, among
others.

3. Processing requirements: Surface cleaning and synthesis methods.

In this section the most applied surface passivation dielectric-materials in industry
are reviewed, and the overall advantages and disadvantages of each method are de-
scribed. It should be noted however that this review is intended to give the reader a
broad but concise idea of the characteristics of these materials and that for more de-
tailed information dedicated literature related to these topics should be reviewed, such
as Refs. [4, 37, 40] and references therein.

♦ SiO2

SiO2-Si interfaces are well known for their extreme intrinsic quality. In fact, since
the early stages of the metal-oxide-semiconductor (MOS) technology development
this quality has been taken advantage of and studied extensively [41]. One of the
benefits of SiO2 on Si amongst others is its passivation capability, which have been
heavily exploited in the context of silicon solar cell [4, 42, 43, 44, 45, 46]. In re-
cent years many literature articles have shown a regained attention in SiO2-based
passivation techniques. Extraordinary levels of passivation have been demonstrated
with these techniques primarily by the application of external charges to the di-
electric or by deliberate introduction of H species [47, 48, 49, 50]. However, there
are some limitations to this material so a list of the summarised of advantages and
disadvantages of SiO2 is presented in the following:

Advantages -High level of chemical passivation on both p-type (Se f f = 7.01 cm
s−1 [51]) and n-type (Se f f = 0.17 cm s−1 [49, 50]) silicon over a
large range of doping levels.
-The passivation level can be increased by the application of capping
layers of SiNx or Al2O3 [48].
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-It has been synthesised using low temperatures by means of atomic
layer deposition [52]

Disadvantages -Low level of intrinsic field-effect passivation (low fixed charge
(Q f ) usually in the range of 1010−1011 cm−2 [37]).
- The passivation achieved by low-temperature synthesis is signifi-
cantly lower than the one obtained by thermal oxidation processes.
-Thermally grown SiO2 is not very suitable for p-type Si rear pas-
sivation. This is due to cost, complexity and possible detrimental
effect under high temperature conditions on the bulk quality. Never-
theless, SiO2/SiNx stacks had been considered [37].

♦ a-SiNx:H

Amorphous-silicon nitride (a-SiNx:H or SiNx for brevity), by plasma-enhanced
chemical vapour deposition (PECVD) is by far the most widely used front passiva-
tion technique in crystalline silicon (c-Si) photovoltaics [4]. Extensive research has
been carried out on SiNx properties for PV since early 90’s when the advancements
in the plasma deposition were made. From there on SiNx has been climbing up to
become the number one technology in the market, nevertheless there are also some
issues related this material which need to be kept in mind. Within its advantages
and disadvantages we can find the following:

Advantages -Extraordinary passivation can be achieved in both p-type and n-
type Si, as low as 0.67 cm s−1 [53] and 0.17 cm s−1 [54] Se f f values
have been achieved, respectively.
-Tunable optical properties are reflected in high quality AR coatings
from SiNx [37].
-The relatively high hydrogen content in SiNx films introduce H
atoms to the bulk material during firings, which in turn passivate
bulk defects.
-N-rich SiNx are highly thermally stable as needed for cell process-
ing. In addition they can be useful as capping layers on Al2O3 and
other materials.

Disadvantages -Poor etchability, limiting the chemical-etching usual procedures
for local openings in solar cell fabrication.
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-High absorption in the UV range of the sun spectrum, which re-
duces the short-circuit current of the cell.
-Si-rich SiNx films are needed for optimal surface passivation, how-
ever N-rich SiNx exhibit higher thermal and chemical stability.
-N-rich SiNx films are necessary to acquire the benefits of a field-
effect passivation (∼ 1012 cm−2).
-The passivation quality is severely diminished during long-term an-
nealing treatments.
-It requires careful optimization of the plasma deposition parame-
ters to obtain the best possible quality passivation.
-Not suitable for p-type Si rear passivation due to inversion layer
shunting.

♦ a-Si:H

Hydrogenated amorphous silicon (a-Si:H) is, in contrast to the previous dielectric
materials, a semiconductor. Because of this, its successful application as passiva-
tion material in solar (i.e be able to provide AR and insulating properties) a-Si:H
requires to be used in conjunction with other materials. Even though this material
has not been as popular as the previously reviewed materials it has some remarkable
properties that can and have been recently exploited in literature [4, 37, 47, 55, 56]
and will be summarised together with its limitations in the following:

Advantages -High quality interfacing with Si.
-Low temperature processing.
-High-level level passivation can be achieved in both p-type (Se f f =
3.1 cm s−1 [57]) and n-type (Se f f = 0.06 cm s−1 [47]) Si.

Disadvantages -Parasitic absorption effect.
-Very low thermal stability during high-temperature processes. This
limits its use of a-Si:H in screen-printed solar cells.
-Non-significant field-effect passivation is achieved by intrinsic a-
Si:H (Q f ∼+3x1012 cm−2).
-Requires the adoption of stacking techniques to make it feasible for
high efficiency solar cell applications.
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♦ Al2Ox

Even though aluminium oxide (Al2Ox) passivation properties were reported a cou-
ple of decades ago in 1989 by Hezel and Jaeger [58]. It just started to gain real
interest after 2004 [59] by the introduction of Al2Ox synthesized by atomic layer
deposition (ALD) and PECVD. Since then a huge number of publications have
emerged exploring its properties [37, 40, 60, 61, 62]. One remarkable property of
Al2Ox films is its negative charge, which is very advantageous to p-type silicon-
surface cells compared to the widely used SiNx and SiO2 which display positive
charges that lead to shunting losses [63]. This property together with all the ad-
vances in the optimisation of Al2Ox deposition methods have led to the adoption of
this technology in almost 100 % of the market share, leaving less than 5% share to
other technologies [21]. The most relevant characteristics of these films are listed
below:

Advantages -Very low recombination velocities have been achieved (Se f f = 0.95
cm s−1 [64] and Se f f = 0.45 cm s−1 [65], for p- and n-type Si, re-
spectively).
-High field-effect passivation is achieved because of its intrinsic
fixed charges (Q f ∼−5x1012 cm−2).
- Al2Ox and Al2Ox/SiNx can be used to replace Al-backsurface field
(Al-BSF) leading to:
1. Lower surface recombination
2. Improved internal reflection
3. Reduced wafer bow in thin wafers
- For n-type Si cells Al2Ox negative Q f has served as an excellent
p+ emitter passivation material.
-The application of ALD Al2Ox allows precise thickness control and
uniformity over large deposition areas. In addition it requires rela-
tively low substrate temperatures (∼ 100- 350 ◦C) and can produce
multilayer structures.
-No significant parasitic absorption occur since only light with wave-
lengths less than 200 nm is absorbed by Al2Ox.

Disadvantages -Low growth rate which is closely related to the substrate tempera-
ture.
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-Deposition parameters need to be controlled rather carefully to achieve
optimal passivation effect.
-In order to activate the passivation, annealing treatments are re-
quired (optimal values were found to be 350 - 450 ◦C [40]).
-The passivation level decreases with injection levels > 1015 cm−3

reflecting Auger recombination.
- Passivation dependence on injection level is significantly higher in
n-type Si than in p-type. This has been explained to be due to the
negative Q f which enhances recombination in the inversion layer.
-The passivation decreases after firing (∼800 ◦C for few seconds)
however is generally stable for screen printed solar cells or simply
solved by the application of capping layers in industrial processes
[21].

2.3 Characterization techniques
In this section it is the author’s intention to supply information about the principles

of operation of several experimental techniques that were applied to characterise the
materials of interest. On the one hand a collection of junction spectroscopy and/or
junction-based techniques are reviewed. These include some of the most sensitive and
widely used approaches for deep-level defect characterization such as the deep level
transient spectroscopy and some other more basic but equally important methods such
as capacitance-voltage and admittance spectroscopy. On the other hand, an explanation
about one of the most extensively used non-destructive methods for minority carrier
lifetime measurements, the microwave photo-conductance decay method, is described.

2.3.1 Junction-based characterization

Since the 1970’s a wave of material characterization techniques utilising semiconduc-
tor junction devices arose [66]. The test devices for the characterization include Schot-
tky barrier diodes and p-n structures. These structures allows us to take advantage of
the carrier depleted region in their junctions to more accurately control the occupancy
of defects producing energy levels within the band-gap and to detect small changes
produced by the scarce carriers in there present for characterization [67].



41

Throughout this work the most commonly used structure for electrical characteri-
sation was the Schottky barrier diode whereby a metal comes into contact with a semi-
conductor to form the junction. So, for our measurements, the Schottky diode was
prepared under clean-room conditions by firstly evaporating 1 mm diameter circles of
Au (diodes) on top of n-type silicon samples though a shadow mask. Then, Al ohmic
contact was evaporated onto the backside of the silicon samples. Lastly, we used ce-
ramic substrates with gold strips on top to hold the samples by gluing with silver ink
the ohmic contact side of the sample to a few Au strips and then bonding a gold wire
from the diode to another Au strip. A schematic of the finished diode is presented in
Figure 2.8. A very similar structure was used for the p-type silicon cases, but with the
substitution of Au for Ti to form the Schottky barrier. In addition, when the minority
carrier transient spectroscopy (MCTS) technique was used a small un-evaporated area
was left open on the backside of the sample to allow optical excitation.

Figure 2.8: Schematic of the prepared Schottky diodes.

2.3.1.1 Capacitance-voltage techniques

Capacitance-voltage (CV) characterization is one of the most commonly applied tech-
niques in the semiconductor industry. This technique allow us to measure various
characteristics [67, 68, 69]:
1) Ionized dopant concentrations, which in the shallow-dopant case equals the carrier
concentration.
2) The depletion region width.
3) The electric-field distribution.
4) The built-in voltage .

The principle used in the CV technique is based on the dependence of the depletion
region with respect to the applied voltage. The capacitance (C) is measured under a
small ac signal, of high frequency, usually in the range of 10mV to 100mV and 1 MHz,
respectively. Then it is possible to calculate the capacitance given by the following
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relation:

C =−dQ
dV

(2.18)

where Q is the semiconductor charge and V is the junction voltage. An impedance
analyser measures the resulting ac current and from the complex impedance extracts
the capacitance value. Now, when the diode is under reverse bias i.e. a positive voltage
is applied to the n-type silicon the total voltage across the structure is

V =Vbi +Vbias (2.19)

where Vbias is the applied voltage and Vbi is the built-in voltage. Furthermore, we
can relate the measured capacitance with dielectric permittivity (ε) and depletion depth
(W ) by the equation

C =
ε0εsA

W
= qAN(W )

dW
dVbias

(2.20)

where ε0 and εs represent the vacuum and semiconductor permittivity, respectively.
A represents the area of the diode and N the doping concentration. From Eq.2.20 it
is evident that the only way that Q can vary with applied voltage is by expansion or
contraction of the depletion region. Moreover, from Eq. 2.20 we can solve for acceptor
or donor concentrations (N−A | N

+
D ) in the following manner

N(W ) =− C3

qε0εsA2(dC/dV )
=

2
qε0εsA2(d(1/C2)/dV )

(2.21)

Furthermore, providing that the doping is uniform, it is possible to plot 1/C2

against Vbias to generate a straight line whose slope relates to N−A | N
+
D an intercepts

with Vbi on the voltage axis. However, it needs to be kept in mind that Eqs. 2.19 - 2.21
only hold when absolutely depleted regions are assumed and since this is not the real-
life case, the so called Debye tail should be taken into consideration for an adequate
deep-level characterization [67].

2.3.1.2 Deep level transient spectroscopy

Deep Level Transient Spectroscopy (DLTS) is a powerful and efficient technique used
for characterizing deep level impurities in semiconductors i.e impurities such as the
ones described in Section 2.2. Even though publications on transient measurements of
deep states started earlier, the first clear experimental introduction of the measurement



43

principles was published by Sah et al. [70] in 1970. Afterwards, D. V. Lang [71] in
1974 introduced what is now the widely used DLTS method, which is an analogue
signal processing technique of what was published before. It uses the capacitance of
a p-n junction or a Schottky barrier as a probe to measure the changes in charge state
of a deep-level. This technique is very effective at analysing deep states in a quick
and complete form. It can be used to characterize majority and minority carrier traps.
Furthermore, information about the trap’s concentration, energy and capture cross-
sections can be obtained with this technique [67, 69].
The full spectroscopic analysis is in general the result of three simple steps:
1. Free carriers are introduced by either electrical or optical methods to fill the deep
traps.
2. Subsequent thermal emission processes give rise to a transient response in capaci-

tance.
3. The transient is analysed by signal processing algorithms while the temperature is

changed at a constant rate.

Usually in DLTS measurements the introduction of free carriers is achieved by
applying a zero voltage bias pulse during a short period (typically 1 ms) to the normally
reverse biased depletion region. This results in a shift in Fermi level and the filling of
deep states by majority carriers. The diode is then restored to its basal reverse bias and
by maintaining a high enough temperature the carriers are thermally re-emitted from
the trap. This emission is monitored by small (∼ pico-Farads) change in capacitance
(∆C). In DLTS the exponential change of capacitance is sampled at two times t1 and
t2, typically in the range of 0.1 ms to 1s, time that is referred to as the rate window.
The principle of the a capacitance transient measurement is presented in Figure 2.9.

According to the SRH model [34], the fraction of electron occupancy or occupation
factor, fT , in terms of: capture cross-sections σn | σp, capture coefficients cn | cp,
thermal velocity νth, emission rates en | ep, number of occupied traps by electrons nT

and number of empty traps NT −nT , is equal to

fT =
cnn+ ep

en + cp p+ cnn+ ep
(2.22)

with
cn = σnνth and (cn + ep)(NT −nT ) = (en + cpn)nT (2.23)

Thus, for the emission of majority carriers i.e. electrons in n-type material or holes
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Figure 2.9: Principle capacitance transient measurements.
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in p-type we have

∆C(t) = ∆Ctot(1− e−t/τ) (2.24)

while for minority carrier emission (opposite than majority carriers in p- and n-type
materials)

∆C(t) = ∆Ctot(e−t/τ) (2.25)

In order to calculate the emission rates of the carriers using thermal energy the
most common relationship is given by

en(T ) = σnνthNce−∆G/kT (2.26)

where k is the Boltzmann coefficient, ∆G is the Gibbs free energy change for ion-
ization of the state per electron-hole pair. Since the time constant changes rapidly
with temperature because of the k term, it is possible to plot the emission rate spectra
(∆C vs T ) by varying the temperature. This occurs because a peak appears when the
emission rate matches the system time constant i.e. when

1
en

= τ =
(t1− t2)
ln(t1/t2)

(2.27)

giving as a result the DLTS spectrum. In addition, if the log(en/T 2) is plotted
against 1/T , a plot that is referred to as an Arrhenius plot, it is possible to obtain the
activation energy Ea from the gradient of the line and An from the intercept with the
vertical axis at T = ∞, and it is used to calculate the apparent capture cross-section.
It most be clear however that the activation energy extracted from the Arrhenius plot
is effectively the average of the defect’s enthalpy (∆H) over the measured temperature
range when the last is weakly temperature dependant. This enthalpy can differ rather
significantly from the Gibbs free energy depending on temperature and the defect’s
entropy (∆S) according to ∆G = ∆H −T ∆S. Therefore, for an adequate defect charac-
terisation it is precise to directly measure both en(T ) and σn at the desired temperature
and use eq. 2.26. A realization of the idea of the DLTS technique is depicted in Figure
2.10. The DLTS method is a very useful tool for trap characterization, however its
detectivity depends on the carrier concentration. Usually it is possible to observe and
analyse results from samples with trap concentrations > 10−4n. In optimal conditions
of the system a detectivity > 10−6n is achievable. Noting that detectivity is linearly
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Figure 2.10: Realization of the DLTS idea.

proportional to carrier concentration. So, if we take a sample with 20 Ω· cm resistivity
as an example, it would be possible to attain a detectivity of 1010 cm−3 defects with a
conventional DLTS system [69].

2.3.1.2.1 Laplace deep level transient spectroscopy

Even though conventional DLTS has largely served to identify a plethora of defects
throughout the years, a major limitation still exists on its application. This is its inabil-
ity to distinguish between two levels whose emission rates are of similar values, where
the core problem lays on the noise presence. Noting that high noise levels hinder the
possibility of finding a unique solution to the de-convolution problem for superimposed
transient separation [67, 69].

There is however a proven and elegant technique which was developed in the early
90’s that has allowed high emission rate resolution in DLTS measurements [72, 73]. It
is based on the application of the inverse Laplace transform to effectively translate the
data from the time domain to the frequency domain to find an approximate singular so-
lution. This method was firstly applied in Manchester in the year 1991. It was realised
by the use of the widely known Tikhonov [74] regularization method together with
the publicly available numerical algorithm CONTIN [75]. The first to discriminate as
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much as possible the existence of multiple exponential components which arise not
always from the defects but from the high measurement noise levels and the second
to numerically perform the Laplace transformation. In consequence this method has
become to be known as Laplace DLTS (LDTS).

It is important to note however that LDTS, different from conventional DLTS, anal-
yses the samples at fixed temperatures and over a range of emission rates. Thus, mul-
tiple scans at different temperatures are required for completion of an Arrhenius plot.

Significant resolution improvements compared to conventional DLTS have been at-
tained with this technique and has allowed for the characterization of defects in semi-
conductors which otherwise would have passed undetected. Such a case is clearly
exemplified in publication No. 1 presented in Chapter 3 of this thesis.

2.3.1.3 Minority carrier transient spectroscopy

In accordance to the background theory of DLTS given in Ref. [71] it is also pos-
sible to measure minority as well as majority carriers emissions of the traps under
investigation with this technique. And knowing that minority carrier capture in the
low injection regime is the rate limiting process in recombination, its characterization
becomes highly important.

In Ref. [71] the application of a forward pulse is shown to be used to populate the
traps within the gap with minority carriers and the measurement of their spectra. For
this forward biasing approach it is a common practice to study the materials using n+p
or p+n structures instead of using p-n junctions or Schottky barriers. This is because
the predominately extended depletion region to a single side of the junction given by
the n+p or p+n structures allows for the assumption of being predominately injecting
minority carriers during the forward pulse [67]. However, the interpretation of results
from the latter technique can be ambiguous, and so, non-definitive [67, 76]. Therefore
a much more relevant technique for minority carrier trap characterization also arose,
and it is now referred to as Minority Carrier Transient Spectroscopy (MCTS). In this
technique the minority carrier occupancy is promoted by optical means, where the
utilised wavelengths are slightly above band-gap values. This technique’s application
was firstly described and applied by Hamilton et al. [77] in 1979 and further developed
to what we now know to be the MCTS technique by Brunwin et al. [76].

The excitation light used during MCTS measurements can be applied either from
the front of a Schottky semi-transparent diode or from the backside. Nevertheless,
backside illumination should be prioritised whenever possible since it ensures almost
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pure minority carrier occupancy of the trap states compared to the front light injection.
This is because the latter would certainly create majority carriers within the depletion
region that would then take part in the capture kinetics of the defect. Such situation
can be almost completely avoided by the backside approach. Here given the appropri-
ate conditions, the electron-hole pairs can be generated at a minority carrier diffusion
length from the junction so that the depletion field would repel majority carriers, and
only minority carrier would populate the states in the gap with big enough minority
capture cross sections.

The MCTS technique has thus being largely exploited during the present work and
the most relevant results will be shown in Chapters 3 and 4.

2.3.1.4 Admittance spectroscopy

Thermal admittance spectroscopy, also simply known as admittance spectroscopy (AS)
is an uncomplicated but powerful junction-based technique that was first described
more than 50 years ago on the basis of Schottky-Read-Hall theory [78]. Moreover,
just as the DLTS technique, the AS technique detects the thermal emission of trapped
carriers from a particular defect levels in the gap but with a few distinctions in method-
ology which will be discussed in this section. Nevertheless, prior to the explanation of
its theoretical implications it is important to point out some advantages and disadvan-
tages that AS poses over the widely used DLTS method.

On the one hand, AS advantages include 1) the possibility of probing much shal-
lower states than DLTS [6, 79], 2) Since steady dc bias voltages are not necessary for
AS as they are for DLTS, leaky diodes can still be characterised [6], 3) in samples
where the temperature of interest falls in the freeze-out range (i.e where emission rates
are very fast) and DLTS cannot probe them, AS oscillatory biasing can still modu-
late the trap occupancy to some extent and so the observation of the traps would be
possible [6], and 4) given the simplicity of the technique it is very easy to set-up and
carry out measurements [6, 67]. On the other hand however, DLTS has proven to be
a very reliable tool for a more complete characterization of defects, which includes
direct capture cross section and minority carrier occupancy measurements which are
not possible with AS [6, 67]. However one more thing is worth noting, this is that for a
long time the detectivity of DLTS has been known to surpass that of AS, nevertheless
just this year claims about achievable similarities in this respect have been published
by Bollman et al. in Ref. [5]. These results look quite promising, however it is now a
matter of time to prove their validity.
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Figure 2.11: Band bending schematic representing the capture and emission of carriers
from the trap, t, of energy, Et , during oscillatory biasing, v(t), mounted on a fixed dc
reverse bias, Vbias. Adapted from [5].

We will now describe the AS method and introduce those key equations that lay its
foundation for an adequate defect characterization, further details can be found in Refs.
[6, 78]. Firstly, for this method sample preparation resembles that which is required
for DLTS, i.e either Schottky barrier diode (SBD) or p-n junction fabrication. Then,
an impedance analyser and a cryostat are required for admittance monitoring of the
sample at various temperatures. Noting that well designed circuitry for low noise data
acquisition and accurate temperature control are required for precise measurements.

In the AS method a sample is subjected to a small amplitude ac signal, v(t), of
distinct frequencies, ft , which modulates the Fermi level and so the free-carrier trap
occupancy in the gap as schematically represented in our given example of a SBD on
n-type material 2 in Figure 2.11. Such modulation is reflected in changes in admittance,
Y(ω), whenever there exists a trap level disturbing the angular frequency of the test

2Note that similar arguments apply for SBD on p-type materials and p-n junctions.
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signal v(t). The AS technique can be applied either on a frequency- or temperature-
scan basis [6], similar to LDLTS and conventional DLTS, respectively.

So, we began defining the admittance as

Y (ω) = G(ω)+ jS(ω) (2.28)

and the susceptance as

S(ω) = ω C(ω) (2.29)

where ω equals the angular frequency (2π f ), C(ω) is the capacitance per unit area,
and G(ω) stands for conductance, as per convention. Then we relate these, as derived
in Ref. [6], to the mean trap depth, x̄t , where the trap’s energy Et crosses the Fermi
level EF , the depletion region edge depth, xd , as well as with the trap and dopant
concentrations Nt and Nd , respectively, and thus having

Y (ω) =
(

1− x̄t

xd

)
ω2gt

f 2
t +ω2

+ j ω

[
εsε0

xd
+

(
1− x̄t

xd

)
ftgt

f 2
t +ω2

]
(2.30)

where

ft = f0

(
1+

x̄t

xd
· Nt

Nd

)
, (2.31)

and

gt = f0
εsε0

xd
· Nt

Nd
(2.32)

with the relaxation rate constant for majority carriers on a n-type sample defined as
f0 = cn+en = τ−1. A couple of important observations with respect to the latter value
must however be mentioned. These are: firstly that the value x̄t considered here is as-
sumed constant, hence x̄t = xd−λ, where λ is defined as λ=

√
(2εsε0/q2Nd)/(EF −Et))

and depicted in Figure 2.11, and secondly, that here we also assume a uniform free car-
rier distribution in the depletion region making possible to write cn(x̄t) = en and hence
f0 = 2en. However, this latter definition of f0 has many times been overlooked in lit-
erature where authors directly assume f0 = ft which strictly speaking only holds for
those cases when x̄t/xd ≈ 0 according to Eq. 2.31.

It then follows from Eqs. 2.28 - 2.30 that the capacitance per unit area, is given by
the imaginary part of Y (ω) as
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Figure 2.12: C(ω), G(ω) and G(ω)/ω curves calculated from Eqs.2.33 and 2.36 plot-
ted as a function of the normalized angular frequency ω/ ft . Adapted from [6].

C(ω) =
εsε0

xd
+

(
1− x̄t

xd

)
ftgt

f 2
t +ω2

(2.33)

with its limits on the high frequency (ω� ft), C∞, and low frequency (ω� ft),
Co, regimes as

C∞ =
εsε0

xd
and Co =C∞ +∆C, (2.34)

respectively, where

∆C =
gt

ft

(
1− x̄t

xd

)
. (2.35)

On the other hand, also as defined in Eq. 2.28, the conductance is given by the real
part of Y (ω) as

G(ω) =
ω2gt

f 2
t +ω2

(
1− x̄t

xd

)
= ∆C · ft

(
1+

f 2
t

ω2

)
.−1 (2.36)

So, given the simplified Eqs. 2.33 and 2.36 we are now able to calculate values for
C(ω) and G(ω) and relate them to experimental observations. Exemplary curves are
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shown in Figure 2.12. From a physical process perspective then we can relate the ob-
served behaviour of C(ω) and G(ω) at low frequencies (ω� ft) behaving as expected
from an ideal RC circuit, i.e having the voltage dependent current (i(t) = Y (ω)v(ω))
leading the applied voltage vt(t) by π/2, since the deep levels are responding in-phase
with vt(t). However, as the frequency increases to reach ω ≈ ft the traps cannot re-
spond instantaneously any more to vt(t) and so the flow of charge to and from the traps
now lags behind it reducing the initial π/2 lead from i(t) and advancing it to match
the phase of vt(t). This effect translate into a reduction of the imaginary component
of i(t) which we term capacitance but increases the the real component that we call
conductance, effects that are appreciable in 2.12. Furthermore, from the same figure it
is possible to observe that at a half-height of each step (C(ω) and G(ω)) and according
to calculations the value of ω equals that of ft . This in addition to the calculation of
G(ω)/ω on the same figure where it is shown that for this curve a peak with maxima,
G(ω)/ω|max, at ω = ft of height ∆C/2 occurs. This peak maxima then corresponds to
the emission rate of the trap whose logarithm can be plotted against the reciprocal of
the measured temperature to obtain the activation energy, Ea, and the apparent capture
cross-section. Furthermore, by measuring G(ω)/ω|max we are able to determine Nd

from the combination of Eqs. 2.31 , 2.32 and 2.35 such that

∆C
C∞

=
Nt

Nd

[
1− (x̄t/xd)

1+(x̄t ·Nt/xd ·Nd)

]
(2.37)

and moreover, given the conditions Nt � Nd and x̄t/xd ≈ 0 Eq. 2.37 can be further
simplified to give

∆C
C∞

=
Nt

Nd
. (2.38)

Consequently provided adequate set-up experimental conditions we are left with
enough information to take advantage of the AS method to characterise the shallow or
deep trap under investigation through Eqs. 2.33, 2.36 and 2.37. Results taken from
careful measurements using this technique will be introduced in Chapter 4.

2.3.1.5 Reverse recovery method

One of the very first methods for recombination rate quantification is the pulsed recov-
ery diode current method which is now know as the Reverse Recovery method (RR)
[68, 78, 80, 81]. First described by Pell in 1953 [80] and subsequently expanded by
Kingston [81] and Lax et al. [82] in 1954, the method was devised to capitalise on the
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leakage current commonly present in p-n junction devices. In these devices the current
cannot respond instantaneously to abrupt changes in polarization, thus making some
carriers to get “stuck” or stored during a period of time until either the electric field
sweep them out, or they recombine. Thus by simply studying the current response of a
p-n junction during an abrupt change from forward to reverse polarisation we are able
to determine the carrier’s recombination rate of the device [83]. Furthermore, this tech-
nique does not restrict sample geometry which largely increases its field applicability
[80, 83].

Once more the experimental set-up for this technique is rather simple. It can be
realised with the use of any modern signal generator and oscilloscope equipment to
generate the pulsed biasing on the diode and then record the current response through
a series resistance (See Figure 2.13 inset). In fact, by the use of similar equipment as
early as in 1971 Dean et al. [83] demonstrated its applicability for lifetime measure-
ments of ≈1 ns, whereas Mauch et al. [84] just last year claimed that some modifi-
cations to the technique allow the achievement of ≈ 100 ps resolution. Even though
this technique is much more applied for power device characterization which strive
for the achievement of faster switching conditions we can still take advantage of it
for our characterisation purposes in this work. Typical current-time and voltage-time
responses are shown in Figure 2.13. There, a forward current, I f , flows through the
device up to time t = 0 during a forward voltage pulse producing Vf . At time t = 0 the
forward current is switched to reverse current, Ir, with Ir ≈ (Vr−Vf )/R. At this point
the carrier density at the junction begins to drop, and continues to do so until time ts
which is defined as the storage time. After time ts is reached a reverse-biased depletion
region begins to form at an exponential rate until it reaches its steady-state value. This
last process is retarded by the time it takes to extract the remaining carriers injected
during the forward biasing and the time needed to charge up the depletion capacitance
[83].

From the current response then it is easy to distinguish two key phases, the storage
phase, 0 ≤ t ≤ ts, and the recovery phase, t > ts, which can be represented by an
exponential of time constant, Tr. The storage time which is often well defined can then
be related to the effective minority carrier lifetime, τe f f [68], by the expression [85]

ts = τe f f

[
ln
(

1+
I f

Ir

)
− ln

(
1+

Qs

Irτe f f

)]
(2.39)

So, if we assume that the semiconductor charge, Qs, does not depend on Ir or I f ,
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ts

ts=  IrIr
Vr

Vf If
Current
Voltage t

V/I

Figure 2.13: Current and voltage curves measured from a n+p sample with decreasing
Ir (i.e. decreasing Vr) from bottom to top, demonstrating the reverse recovery effect.
(Inset) Reverse recovery circuit schematic.

which is often the case provided Ir� I f [68, 85], then the term Qs/Irτe f f can be con-
sidered constant. Furthermore, the effect of heavily doped emitter and surface recom-
bination can be virtually eliminated by maintaining the condition Ir � I f . Therefore
plotting ts against ln(1+ I f /Ir) as shown in Figure 2.14 will have a slope value equal
to the τe f f and an intercept equal to 1+Qs/Irτe f f .

Even though the RR method is not the most accurate method for lifetime charac-
terisation, specially in the high injection and low lifetime regime, it still being used
because acceptable accuracy is attainable under normal experimental conditions [68].

2.3.2 Microwave photo-conductance decay

Within the well-established methods for effective lifetime testing of silicon material
there is the Microwave photo-conductance decay (µPCD) method. This method, as its
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Figure 2.14: Storage time as a function of ln(1+ I f /Ir) measured from a n+p sample.

name implies, is based in the photo-conductance decay technique developed in 1955
by Stevenson and Keyes [86], whereby electron-hole pairs are optically generated and
their post-excitation decay is monitored as a function of time. Initially this monitoring
was done through contacted samples and current monitoring, nevertheless the method
has now evolved to a non-contacting method for convenience [68], which is the case of
the µPCD technique. This is a very well known and accepted method for the reliability,
simplicity and quickness of its measurements, which include high resolution over large
mapping areas. For its application the sample preparation is also very simple, since
any given silicon sample in the form of a slice of dimensions preferably bigger than
1.5 cm × 0.25 cm × 0.25 cm [68] and passivated with the material of choice [87] can
easily be placed on the system’s plate for measurements. It is still based on the optical
excitation of a semiconductor, e.g. a LASER source, and the subsequent measurement
of its change in conductivity, ∆σ, with time.

So, by considering that the conductivity can be related to the electron and hole
carrier mobilities, µn and µp, and excess carrier density, ∆n and ∆p, respectively, as
well as to the effective lifetime [34, 86] as

∆σ = q(∆nµn +∆pµp)≈ exp
(
− t

τe f f

)
(2.40)

we can experimentally increase the conductivity of the sample by optically gener-
ating electron-hole pairs (∆n+∆p) with a light pulse and then measure the decay of
the photo-conductivity in order to determine the recombination lifetime.
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Figure 2.15: Schematic of a Quasi-steady-state microwave photoconductance decay
system. Reproduced from [7].

For the studies reported in this thesis the system schematic depicted in Figure 2.15
was used. The pulsed LASER at the top is used to generate excess carriers which will
modify the conductivity of the sample as per shown in Eq. 2.40. The conductivity
changes are then detected by microwave reflection (see Fig. 2.15), whose reflected,
P(σ), and incident, Pin, power ratio is proportional to the conductivity. So, perturbing
the conductivity from its steady-state, σ, to σ+∆σ(t) leads to a change in power, ∆P

of the reflected power, which can be reduced to the form ∆P/P = C∆σ, when ∆σ is
considered small [88]. Nevertheless, it is important to remember that ∆σ is propor-
tional to the sample resistivity and the excess carrier concentration, as well as those
being related to the microwave propagation and skin depth [68, 88]. Thus making it of
paramount importance for accurate lifetime measurements to consider the resistivity
an excess carrier parameters of each sample. For instance during the use of high injec-
tion levels, the skin depth of the microwaves used for the photo-conductivity detection
decreases with in creased carrier concentration which will not allow the microwave
reflector to be reached causing measurement errors. Furthermore, at the low injection
level regime deviations occur in the presence of a significant amount of trap levels. In
such case the photoconductivity will exhibit a much longer decay time constant due to
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trapping an will no longer be proportional to the recombination lifetime [88, 89]. So,
even though the µPCD method has proved to be highly reliable some precautions still
need to be taken when applying it [89].



CHAPTER 3

LIFETIME LIMITING DEFECTS IN

PHOSPHOROUS-DOPED SILICON

Crystalline silicon since the early 50’s has been, and will continue to be, for the close
foreseeable future, the backbone of solar cell technologies [90]. These include p-type
and n-type, mono- and multi- crystalline based cells. Tremendous efforts have been
made by many research groups to push the limits of achievable efficiencies by process
optimisation, cell architectures development and optimisation, passivation material de-
velopments and defect identification and deactivation, amongst others. Such efforts
have opened the possibility to reach in some cases the so desired competitive prices
demanded by consumers [11]. However, technology improvements continue to be one
of the three a main cost reduction drivers, together with competitive procurement and
an increase in project developers [11]. Technological improvements must however in-
clude high efficiency and high durability cells. One of the latest approaches to such
improvements in the market has been to change their production lines from p-type
based cells to n-type based cells.

Historically, as has happened to many other technologies, solar cell fabrication had
its strongest development when it was mostly funded by and dedicated to space ex-
ploration. This particular scenario was then favourable for the application of p-type
cells due to its higher resistance to radiation. However at present p-type silicon re-
mains as the most widely used material for solar cells for terrestrial applications. This
at the beginning worked reasonably well because of p-type silicon high electron mo-
bilities and cheaper processing prices. Nevertheless some issues related to the proper-
ties of the material have become of greater importance in the past few decades when
more research has been focused in the aforementioned technological improvements.
Such issues include the light-induced degradation (LID) effect [30], the light and ele-
vated temperature induced degradation (LeTID) [91] and higher relative susceptibility
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to transition metals, amongst others [92]. These has given rise to an increased interest
in the use of n-type based cells which do not suffer from such degradation effects or
they are not as severe as the ones encountered in p-type based cells [92, 93].

In this chapter results from the author’s investigations of some interactions between
the light element impurities: carbon, oxygen and hydrogen in n-type silicon will be pre-
sented. In addition recent investigations on the trapping behaviour of oxygen-related
bistable thermal double donors (BTDDs) in n-type material will also be given. All
these results are presented in the form of published, or submitted for publication, arti-
cles. Such articles will be preceded by an overview of the publications and a literature
review on carbon (Section 3.1.1), oxygen (Section 3.1.2) and hydrogen (Section 3.1.3)
impurities in silicon. Recalling that since the earliest period of Si growth, oxygen
was one of the first impurities to be recognised as technologically relevant, followed
by multiple studies on carbon which were found to form a variety of electrically ac-
tive complexes in Si and finishing with the current wave of extremely popular atomic
hydrogen in what Newman referred to as the “hydrogen period” [94].

Accordingly, in Section 3.2 a careful and detailed study on the carbon, oxygen
and hydrogen interactions in silicon is presented in the form of four published articles.
Firstly, a conference paper presented at the 2016 IEEE 43rd Photovoltaic Specialists
Conference (PVSC) is given as Publication No.1. Its contents include preliminary re-
sults and hypothesis firstly devised from a set of Cz, C-Cz and Fz samples of known
high-[Oi] and injected with atomic hydrogen. It was observed by means of DLTS,
LDTLS and MCTS analysis, the formation of a set of electron (E1-E4) and hole (H1-
H4) traps. So, their thermal behaviour, identified relationship to hydrogen and oxygen,
proposed potential complex structure, and demonstrated effect on the minority carrier
lifetime after wet etching is then presented in the paper. However, in this initial ar-
gument it was proposed that the complex responsible for the degradation was formed
by a single hydrogen atom and two oxygen atoms (oxygen dimer). Such argument
was later to be corrected by further investigations presented in publication No.2. In
this publication it is demonstrated that not only hydrogen and oxygen were involved
in the formation of the complex but also substitutional carbon, and that a single oxy-
gen atom was present in the process. Strong evidence provided by infrared-absorption
spectra was obtained to link the formation of CO complexes prior to COH-related
traps (H1 and H2) formation after hydrogen injection. In addition, density functional
calculations provided by our collaborators at the University of Aveiro in relation to
our experimental results were presented to propose a COH minimum energy atomistic
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structure, which give rise to the introduction of an acceptor level at an energy similar
to the experimentally determined one. Further in this paper we attribute the source of
the demonstrated lifetime degradation after hydrogen injection to the H1 and H2 traps,
supported by throughout studies of their electrical properties characterisation.

In publication No.3 strong evidence of a detrimental impact on minority carrier
lifetime on the n-type Si:O+C samples caused by the COH complex formation after
silicon nitride deposition is presented. In this article our previous hypothesis of the
widely used SiNx:H passivation/antireflection coating being harmful for the material
was confirmed. It is shown that even though low temperature treatments were able to
momentarily dissociate the COH complexes, these would reform upon cooling when
enough H− was present. Furthermore, careful studies on the electrical properties of the
not so harmful electron traps (E1-E4) is presented. It is argued, however, that there is a
close relationship between the E1-H1 and E2-H2 traps, and thus the assignment of E1

and E2 to the second acceptor levels of the two COH complexes responsible for H1 and
H2 was made. Even though the E1 and E2 have been observed and studied previously
in literature and had been suggested to be either of donor or single acceptor character,
our results indicate these traps to have more of a second acceptor level characteristics.

Publication No.4 given at the end of the first section of this chapter was aimed
to present a deeper insight on the theoretical implications and characteristics of the
experimentally observed COH complexes in n-type Cz silicon. Collaboration with
theoretical physicists P. Santos, J. Coutinho and S. Öberg allowed us to obtain a more
complete picture of the possible structure of the COH complexes which resulted in the
degradation of the lifetime. It is argued that it is likely that the C, O and H atoms
are bound to a common Si atom, where C sits on a substitutional site, O is bond-
centered between two Si atoms and H occupies a tetrahedral interstitial site. Such a
structure, which is in its negative state, gives rise to a distinctly stable configuration
whose introduced energy level agrees well to the experimental data.

Later in Section 3.3 another set of results which are presented in the form of an
article that has been submitted to the Journal of Applied Physics is given (publication
No.5). There, a previously unseen spectroscopic signal obtained by DLTS measure-
ments related the so-called oxygen-related bistable thermal double donors (BTDDs) on
their BTTD-0 and BTDD-1 deep-donor states is shown. For these studies a range of
Schottky barrier diodes and p+-n junctions fabricated on n-type Czochralski-grown Si
materials were subjected to various junction capacitance techniques for these defects
electrical characterisation. The values of activation energy for electron emission from
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the BTTD-0 and BTDD-1 levels have been determined to be rather high and unusual
for defects in Si which were previously preventing an easy detection through DLTS.
From our observations we argue that these BTTDs are effective trapping centers but
do not act as recombination centers, this in contrary to recent speculations made by
Tomassini et al. in Ref. [95]. These results are technologically relevant since there
has been a renewed interest in oxygen-related TD studies. This is specially the case in
n-type silicon which is projected to be the material of choose in forthcoming years in
solar and which has been observed to degrade allegedly by TD presence [96].

3.1 Light impurities in silicon

3.1.1 Oxygen

As discussed in Sections 2.1.1 and 2.1.2 the amount of interstitial oxygen inevitably
encountered in crystalline silicon tends to exceed the 1017 cm−1 mark. Therefore
extensive research on the topic has been carried out as early as the mid 1950’s [97]
when first significant oxygen-related effects were observed on resistivity increments in
silicon after 430-450 ◦C heat treatments. These effects were found to be reversible after
> 500 ◦C annealing treatments [98], results that sparked a wave of increased interest
in oxygen-related defects in silicon that has led to the now very solid understanding of
a variety of these defects [94]. To begin with, it is now widely accepted and justified
that oxygen is present in the silicon lattice preferentially occupying a bond-centred
interstitial site, where it is electrically inactive [94, 99]. Furthermore, Oi atoms at room
temperature are very stable and immobile. It is only when relatively-high temperature
processes are applied when Oi diffuse and begin to form oxygen complexes and SiO2

precipitates.

Two key advantages of oxygen presence in Si have been recognised since over half
century ago, and these are: 1) the appreciable enhancement of mechanical strength
and stability in the existence of crystal dislocations, noting that dislocation-free Si
does not show significant enhancement [97], and 2) gettering of various impurities
[97, 100, 101]. Nevertheless, there is also the not very advantageous aspects from the
oxygen presence in the crystalline Si lattice. On this side we can perhaps emphasise
two cases: a) the so-called thermal double donor (TDD) formation [98, 102, 103], and
b) the oxygen-containing defects which act as recombination centres [94, 97, 104].
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With respect to the TDD formation which has been extensively studied through
many different characterization technique applications we know that they are formed
upon heat-treatment of oxygen-rich silicon at temperatures in the range of to 350 - 550
◦C [105, 106, 107, 108, 109, 110, 111]. Very early isothermal annealing experiments
showed that the formation rate and the maximum concentration of TDDs were depen-
dent on the 3rd and 4th powers of the oxygen concentration [112], setting the TDD
structure to contain oxygen clusters or precipitates which act as donors [113]. Mul-
tiple subsequent investigations concluded that there exits at least 17 different species
of these donors (TDD-0 to TDD-16) which distinguish between one another by their
incorporated number of oxygen atoms [94, 109]. Within these species some of highest
interest are the TDD-0, TDD-1 and TDD-2 which have been identified to be bistable
and with negative-U characteristics [106, 107] nevertheless there are still some ques-
tions to answer with respect to their structure and bistability [94, 114]. Moreover,
various recent claims of TDD being responsible for lifetime degradation in silicon
have been reported in literature [95, 96, 115] which has raised the interest of a deeper
understanding of these defects and the quantification of their harmful potential in cell
efficiencies.

On the other hand, however, there is the case of the recombination active oxygen-
containing defects in Si which include an older, but still very significant, problem re-
lated to the light induced degradation i.e the B-O degradation [30, 116, 117]. The B-O
complex has been held responsible for up to 10%rel reduction of conversion efficien-
cies of solar cells made from p-type Cz Si [30] which signify an unacceptable reduction
and a huge problem for industry. However, despite over 40 years of dedicated efforts to
understand the composition and recombination mechanisms behind these complexes,
no unified answer has been given in literature. In this thesis results from investigations
on the B-O complex will be presented together with the latest literature review on the
topic in Chapter 4). In addition to the B-O complex however there exist other oxygen-
containing impurities that have been observed to decrease the minority carrier lifetime
of various materials. Amongst them there exist the following cases: oxygen precipi-
tates [118, 119, 120, 121, 122], vacancy-oxygen complexes which include divacancies-
and trivacancies- oxygen centers [123, 124, 125, 126], SiO2 precipitates [127], and re-
cently found also a family of complexes suggested to be related to Al and O impurities
[128, 129]. In general, oxygen related impurities in Si are largely studied in the lit-
erature because of oxygen unavoidable presence in most relevant materials and thus
making its related effects understanding of paramount importance.
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3.1.2 Carbon

Similar to oxygen, carbon is a light element impurity largely encountered in Si. It
mainly originates from graphitic components, contaminant gases and/or the feedstock
during growth (see Chapter 2.1). Carbon is known to preferably occupy substitutional
sites in the crystal, where it is electrically inactive, nevertheless it produces local strain
due to its smaller size as compared to Si [130]. Furthermore carbon is a highly elec-
tronegative and chemically reactive making it prone to several interactions including
those with Si, O and H. In general carbon related defects are technologically impor-
tant since for example in the form of Ci-Cs complexes, it is utilised to improve the
performance of Si optical emitters [131], in the form of Cs it can trap self-interstitials
(ISi) which reduces boron transient enhanced diffusion (TED) for homogeneous dop-
ing profiles [132], it can also be used for Au and Cu gettering [133, 134] and for
thermal donor deactivation [110]. However, not much attention has been paid into the
detrimental effect studies of carbon in literature until recent years. This is partially
because of the previous general opinion of carbon being mostly present on its electri-
cally neutral state in Si, and also because no very good sensitivity techniques for the
measurement of its concentration were available, leading to rather low detectability of
a few times 1015 cm−3 by means of Fourier-transform infrared spectroscopy (FTIR)
[135]. Consequently, as the technology progressed to lower detection limits in the
early 2000’s more studies related to carbon effects in Si device performance arouse.
This has in turn led to further techniques development for the [C] measurements such
as photo-luminescence (PL) and/or improvements in FTIR data analysis which have
been reported to achieve detections between 1 × 1012 and 1 × 1015 cm−3 in the past
half decade [135, 136, 137]. Amongst the carbon-related defects that have driven such
an interest in their study we can point out the following. On the one hand those defects
that act as precursors to self-interstitial nucleation and formation of complexes such
as ISi-Ci, ISi-Ci-Cs, ISi-Ci and Ci-Ci [132, 138]. Remembering that Ci created during
irradiation or non-ideal temperature crystal growth and is highly reactive and hence
promotes the aforementioned defect formation [139, 140]. On the other hand however
there are those complexes formed due to interaction of C and other impurities, which
include: Ci−Oi [138], ISi-Ci-Oi [138], Cs-H [141] and C-V-O complexes [142]. The
particular case of carbon and oxygen complexes however has always been of inter-
est, since very early studies showed a strong interaction between the two impurities
[143]. For instance oxygen precipitation which causes minority carrier recombination
has been largely studied and found to be of paramount importance for high efficiency



64CHAPTER 3. LIFETIME LIMITING DEFECTS IN PHOSPHOROUS-DOPED SILICON

cell fabrication [144, 145]. Moreover, it has been suggested in literature that the known
C interactions with oxygen dimers can lead to a decrease in the B-O defect related to
the LID effect in Si [146], however very recent investigations have added to previous
speculations that C would somehow participate in the B-O formation process instead
of eliminating it [147]. Most of the literature however has been overlooking the detri-
mental effect of carbon in silicon and further studies are required, since as it will be
shown in this chapter, carbon-oxygen complexes are the precursors to the formation
of a very powerful recombination center in n-type silicon in the presence of hydro-
gen and so making these materials prone to conversion efficiency degradation during
processing (see Section 3.2).

3.1.3 Hydrogen

Hydrogen is one of the most ubiquitous impurities in silicon materials since it is read-
ily incorporated from chemicals and gases utilised during crystal growth and/or device
processing [148]. This incorporation is not always desired or even detected. Never-
theless, since the 1970’s it has been acknowledged that multiple advantageous effects
emerge from its presence within the Si crystals [149, 150], this has led to a path of
increased intentional incorporation of H in several semiconductor based technologies.
There is however a rather significant issue with respect to this practice in industry, and
this is that many of the key physical mechanisms underlying the hydrogen positive
effects continue to be poorly understood leading to contradictory theories and varia-
tions [151, 152, 153]. Such contradictions are known to arise from the difficulty of
isolating experimental observations related to hydrogen-related impurities, since H is
highly reactive and thus interacts with a plethora of other impurities, and because of the
poor sensitivity achieved by the available direct-measurement techniques for hydrogen
quantification [148, 151, 154]. For these reasons hydrogenation of silicon, in particular
for solar applications, is a very active research field and new discoveries and theories
continue to appear in literature with the intention of getting a better understanding of
its properties.

The passivation mechanisms of hydrogen in silicon are as mentioned before not
fully understood, however its incorporation to silicon crystals is largely accepted to
be advantageous and it is thus well established. Moreover hydrogenation processes
together with gettering procedures are strongly argued to be key for high-efficiency
next-generation Si solar cells [155, 156]. One remarkable example is the deliberate
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H introduction to multi-crystalline silicon materials from the PECVD SiNx:H anti-
reflection coatings in solar cell fabrication which has been reported essential for en-
hanced bulk and surface passivation [157, 158]. Mainly due to hydrogen’s ability to
interact with many impurities and passivate them such as metallic impurities ( Fe, Ni,
Cu, Cr, Au and Ag) [159, 160], oxygen-related thermal donors [161] and crystalline
defects [150, 162] amongst others. Furthermore, in recent investigations atomic H has
been suggested to passivate the defect responsible of the severe light induced degra-
dation in p-type silicon [30, 49, 163, 164] and an increased number of publications
addressing the importance of H charge state manipulation have emerged [165, 166].

There is however a down side of hydrogen which tends to be left aside in literature,
and it is associated to the hydrogen-related defects in silicon. Some of the cases where
H has been proven to play a detrimental role include: 1) extended structural defects
formation, such as the so-called platelets [167], 2) silicon embrittlement [168], 3) oxy-
gen diffusivity enhancement [153, 169, 170], and 4) electrically active impurity and
complex formation [171, 172] (See also Section 3.2). Moreover, a very recent paper
has attributed hydrogen presence to the observation of the so-called light and elevated
temperature induced degradation (LeTID) in p- and n-type Cz materials [173]. Nev-
ertheless investigations on this last degradation process are fairly new and presents yet
another case of the lack of fundamental understanding and abundant speculation in the
literature. In addition to the hydrogen-related degradation in silicon, there is the prob-
lem of weak bonding of hydrogen to the passivated defects (i.e low thermal stability)
which tend to lead to a reactivation of the defects after rather low temperature treat-
ments which can cause instability problems within the material and make the hydrogen
passivation ineffective [164].

In the following two sections, investigations on defects related to the reviewed light
element impurities are presented. Investigations aim to pursue a better understanding
of defects encountered in currently used materials in the solar industry.
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3.2 The C-O-H defect

Publication No.1

Recombination Centers Resulting from Reactions of Hydrogen and Oxygen in
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Abstract — Hydrogen is often present in silicon solar cell 

fabrication introduced, for example, from silicon nitride anti-
reflection layers. In general this has an important beneficial 
effect in reducing surface recombination. In this paper we show 
that in n-type Czochralski material the hydrogen reacts with 
interstitial oxygen related defects to form powerful 
recombination centers which reduce the minority carrier lifetime 
in the silicon region into which the hydrogen has diffused. We 
have studied electronic grade silicon and solar silicon grown by 
continuous Czochralski techniques. Hydrogen has been 
introduced into the silicon by wet etching, remote hydrogen 
plasma and from silicon nitride films. DLTS, MCTS and Laplace 
DLTS have been used to characterize and quantify parameters of 
the recombination centers and microwave photoconductivity 
decay to measure the minority carrier lifetime. The dominant 
recombination center has an acceptor level at 0.36 eV from the 
valence band. This center anneals out in the range 150 to 200°C 
but reforms on cooling.  

Index Terms — Czochralski silicon, hydrogen oxygen 
recombination centers, DLTS, carrier lifetime, photovoltaic cells.

I. INTRODUCTION 

A key objective in silicon photovoltaics (PVs) is to increase 
the cell efficiency to levels approaching the Shockley Queisser 
limit (~30% at 1 sun). The starting point in this process is to 
achieve high carrier lifetimes in the silicon and to maintain 
this lifetime during cell manufacturing. The question which 
needs to be answered is what recombination process limits the 
carrier lifetime? Obviously the answer to the question depends 
on the silicon used and the cell processing it undergoes. In this 
paper we report part of a study we have undertaken on n-type 
Czochralski (Cz) material grown by conventional and 
continuous Cz techniques.    

N-type silicon is attractive for solar cells because it usually 
has a higher “as grown” lifetime than p-type for comparable 
resistivities, is less susceptible to lifetime reduction due to 
metallic contamination and exhibits little light induced 
degradation compared to boron doped material. In this paper 
we show that in n-type silicon an important recombination 
centre can be formed resulting from the reaction of oxygen in 
Czochralski Si with hydrogen. As hydrogen is normally 
present in cell processing from, among other sources, the 
nitride layer used for passivation/antireflection this reaction 
can limit the ultimate carrier lifetime of the silicon.   

II. EXPERIMENTAL SUMMARY 

We have studied Cz silicon with interstitial oxygen 
concentrations in the range 12 to 20 ppma (1 ppma = 5×1016 
cm-3) and for comparison float zone (FZ) silicon with [Oi] < 
0.2 ppma. All our samples are n-type phosphorous doped with 
resistivities in the range 1 to 8 cm. We have incorporated 
hydrogen by wet etching, by remote plasma at temperatures up 
to 250°C and from hydrogen rich silicon nitride deposited on 
the silicon. The recombination centers produced have been 
studied by Laplace and conventional DLTS and MCTS, 
carrier lifetime measurements and local vibrational mode 
optical absorption spectroscopy. 

III. EXPERIMENTAL DETAIL 

The electronic grade (semi-grade) silicon we have studied 
was supplied by SunEdison Semiconductors Ltd in the form of 
wafers with one side polished and an oxygen content of 13 to 
17.5 ppma. The continuous Cz (CCz) solar grade silicon was 
supplied by SunEdison Inc and also some legacy solar grade 
HiCzTM material from Confluence Solar was used. Both these 
materials had an oxygen content of 12-20 ppma and were etch 
polished. All the material was n-type with resistivities in the 
range 1-8 cm.  

Strips of silicon were cut from the wafers.  These strips 
were RCA cleaned, then hydrogen was introduced into the 
silicon by three techniques. Firstly, this was done by wet 
etching either in KOH or in a HF/HNO3 solution. Both these 
etches have been shown previously to result in the formation 
of hydrogen ions which diffuse into the silicon. The most 
evident effect of this is the passivation of shallow acceptors 
and donors [1]. Secondly hydrogen has been introduced by
exposure to a 50 W remote H plasma for 30 minutes while the 
samples were heated to temperatures between 25°C and 250°C. 
Lastly, some samples were studied which had silicon nitride 
deposited on the surface as a source of hydrogen [2]. After 
annealing the nitride was etched off and the material 
processed for measurement. 

The samples were prepared for electrical measurements by
the deposition of Schottky barrier diodes (SBDs) formed by 
thermal evaporation of Au through a shadow mask. An Ohmic 
contact was deposited on the back surface using thermal 
evaporation of Al. For MCTS measurements a hole was made 
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in the back contact to provide optical access. The diodes were 
tested using C-V measurements giving the concentration of 
shallow uncompensated donors and the probing depth 
achievable. 

DLTS [3], MCTS [4] and Laplace DLTS [5]
measurements were carried out in order to characterise deep 
level electronic defects. Majority carrier capture cross sections 
were determined by varying the filling pulse width while 
minority carrier capture cross section measurements used back 
face illumination from a 850nm or 940nm LED. Carrier 
generation in this structure is almost exclusively outside the 
depletion region but carriers diffuse to the depletion edge 
where the depletion field repels the majority carriers but 
allows the minority carriers to drift through the depletion 
region. In n-type material this results in an almost pure hole 

flux enabling deep states to become hole occupied. 
Carrier lifetime measurements were undertaken using 

SemiLab WT2000PVN equipment in the microwave 
photoconductive decay mode (μPCD) operating at ~10GHz 
with a 905 nm LASER with a fixed intensity of 1 sun. Surface 
passivation for the measurement was done by immersion of 
the slices in an iodine solution after an HF dip [6, 7]. 

IV. RESULTS 

Electronic grade Cz Si has a very low concentration of 
deep states (~1010 cm-3). However in the Cz material during 
cooling, after growth, some of the oxygen forms electrically 
active states referred to as thermal donors [8]. In electronic 
grade material these are usually dissociated by a heat-
treatment in the temperature range 650-750 oC prior to 
shipping … this is not done in the case of the solar grade CCz 
material which as a result contains thermal donors. 

A. Defects Observed 

Fig. 1 shows DLTS and MCTS spectra of CCz material 
which had hydrogen introduced by etching in a HF/HNO3
solution. In the DLTS spectrum E4 is the E++/+ level of the 
thermal donors referred to above, E1, E2 and E3 are related to 
the hydrogenation but they are not of importance in this work 
as they do not appear to be significant recombination centres.
However, the minority carrier signal at 180 K could signify an 
important recombination center because of its position in the 
band gap and its high capture rate for minority carriers.  

Fig. 2 shows a high resolution Laplace DLTS spectrum of 
the minority carrier signal shown in Fig. 1. It is evident that 
this signal represents the carrier emission from two states.  

B. Dependence on Oxygen and the Oxygen Dimer 

Fig. 3 shows the thermal emission characteristics of holes 
from three traps in hydrogenated Cz silicon. These traps are 
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consistently observed in such material from all the sources we 
have used and whatever hydrogenation method has been 
applied. However we do not observe the states in FZ material 
as can be seen in Fig. 4. This provides very strong evidence 
that the H1 to H4 defects are oxygen related and as they are 
only present after hydrogenation it seems likely they are some 
form of oxygen-hydrogen complex. 

If we now consider the concentration of these states, we 
find that the concentration increases rapidly with oxygen 
content of the Cz silicon. Fig. 5 shows the MCTS spectra for 
two slices with interstitial oxygen content measured to be 12.7 

and 14.9 ppma. Taking data from a range of oxygen content it 
appears that the concentration of the H1/H2 traps is almost 
proportional to [Oi]2, so indicating an involvement of two 
oxygen atoms into the defects. 

A well-known defect in Cz silicon is the oxygen dimer. It 
can be identified from its distinctive optical absorption 
spectrum and exists in two configurations shown in Fig. 6 [10]. 
The absorption bands due to the oxygen dimer are weak and 
measurements have to be made at low temperatures. This is in 
contrast to the measurements of interstitial oxygen 
concentration reported in this paper which were carried out at 
300 K by measuring the absorption coefficient in maximum of 
the band at 1107 cm-1 due to single interstitial oxygen atoms.   

For the case where the two oxygen atoms are attached to a 
common silicon atom as depicted in Fig. 6(a), absorption lines 
at 1012 and 1060 cm-1 (measured at 10K) are observed. For 
the case where oxygen atoms are attached to two adjacent 
silicon atoms as shown in Fig 6(b), an absorption line at 
1105 cm-1 is observed at 10K. 

For ingots and slices with similar thermal history and 
similar Cs concentration we have shown previously [11] that 
the dimer concentration is almost proportional to [Oi]2. 
However the dimer concentration can be reduced by annealing 
at 650 - 700°C and then increased again by annealing at 550°C. 
We have used these facts to relate the formation of the 
recombination centres in Cz-Si samples to the oxygen dimer. 

 Fig. 7 shows the effect of annealing slices of CCz 
material at 650°C, a temperature which decreases the dimer 
concentration, and at 550°C where the dimer concentration 
increases. Annealing at these temperatures for short time does 
not change the interstitial oxygen concentration significantly 
and any changes that do occur are in the opposite sense to the 
change in the dimer concentration. The initial 650°C anneal 
also annihilates the thermal donors, so the E4 signal is not 
observed in the MCTS spectrum. It is evident that the 
concentration of the H1/H2 defects follows the change in 
concentration of the dimer during the annealing schedules 
rather than the interstitial oxygen concentration. It seems 
therefore that the centers are produced by a reaction between 
hydrogen and one of the oxygen dimer species rather than 
hydrogen and two independent interstitial oxygen atoms. 

C. Relationship to Hydrogen 

If we now consider the relationship to hydrogen in the 
slice, we find it difficult to be quantitative in deriving such a 
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relationship because of the difficulty in determining the 
absolute hydrogen concentration. Using the wet etching 
described earlier, the concentrations are below SIMS 
detectivity even if deuterium were to be used as a hydrogen 
analogue.  

However, we do know that hydrogen ions will diffuse 
with a near exponential profile and are trapped in the lattice by 
reactive species which limits the diffusivity.  

In p-type material Coulombic attraction between H+ at a 
bond center site and the ionised acceptor B- results in carrier 
removal and so a profile of the carrier loss can be used to  
accurately profile the hydrogen concentration where [H] < [B]. 
In n-type P-doped Si this methodology is not as effective 
because the H atom becomes trapped at anti-bonding (AB) 

sites to Si atoms neighbouring the P donors, so forming a P-
Si-H passivated center. Unlike the boron case the reaction is 
far from complete and depends on the concentration of other 
trapping centers in the silicon, most notably oxygen in this 
case. As a result, it is not possible to determine the absolute 
hydrogen concentration.  

However, the shape of the hydrogen profile remains 
exponential and comparison of the defect profile with the 
expected hydrogen profile can provide sound evidence of 
hydrogen involvement in the formation of the defect. In some 
cases the exact shape of the profile has been used to estimate 
the number of hydrogen atoms in a defect [12].  

Fig. 8 shows the measured depth profile of the H2 defect. 
A similar profile has been measured for the H1 centre. The 
shape of the profile is as expected for the penetration of 
hydrogen in this material. This provides solid evidence of the 
involvement of hydrogen and suggests that only one hydrogen 
atom is involved in the complex. 

If we look at other methods of hydrogen incorporation we 
see states with identical electrical characteristics but for the 
same starting material different concentrations and different 
profiles. Fig. 9 shows the DLTS and MCTS spectra for the 
same material shown in Fig. 1 but with the hydrogen 
introduced from a H rich silicon nitride layer. 

As the hydrogen has diffused in from the nitride at around 
500°C the trapping effect of defects is negligible and so the 
effective diffusivity is probably sufficient for the hydrogen to 
permeate the entire thickness of the slice. On cooling, 
reactions with the oxygen occur but the hydrogen 
concentration near the surface, where the DLTS probes, is 
lower than for the etching case. However this is an important
case because it is more representative of the situation in a real 
solar cell passivated with silicon nitride.
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D. Thermal Stability 

Although hydrogen ions are highly reactive in silicon the 
binding energy of hydrogen to defects is rather weak. The 
consequence is that most hydrogen related defects are easily 
dissociated. This is also the case for the H1/H2 defects, as 
shown in Fig. 10. 

It can be seen that all the hydrogen related hole traps are 
dissociated at 200°C in this etched sample. In this case the 
hydrogen which prior to annealing is in a thin surface layer 
but can diffuse away at 200°C into the bulk of the slice. 
However in the case of the hydrogen source being a nitride 
film the hydrogen is already well distributed throughout the 
slice and so after the elimination of the oxygen hydrogen 
recombination centers upon annealing it would be expected 
that the centers would re-form on cooling. The extent to which 
this happens is currently under investigation as it is of crucial 
importance in relation to the significance of these defects. 

E. Atomistic and Electronic Structure Calculations 

In order to unveil the microscopic details of the H1/H2
defects, we carried out first-principles density functional 
calculations within the generalized gradient approximation to 
the exchange-correlation energy [13]. The Kohn-Sham basis 
consisted on atomic-like Cartesian-Gaussian functions up to 
l=2 on Si and O atoms, and sp-functions on hydrogen. This 
translates into 28, 40 and 16 functions on Si, O and H atoms, 
respectively. The electron density and potential terms were 
described using plane-waves with kinetic energy of up to 200 
Hartree. Defects were introduced in 216-Si atom supercells 
with cubic shape. Brillouin zones were sampled at 8 reducible 
(MP-23) k-points, and all atomic, electronic and magnetic 
degrees of freedom were fully relaxed until the total energy 
change was lower than 0.1 meV. 

Several oxygen-dimer-hydrogen complexes were already 
scrutinized by us. Most of them are donors or do not possess a 
binding energy compatible with the thermal stability of H1/H2.
A promising model is the one shown in Fig. 11, where H 
binds to the Si atom that is connected to both oxygen atoms of 
the dimer. Calculations indicate that this defect has an 
acceptor level around mid-gap, thus being a strong contender 
to be connected to H1/H2. The origin for such a deep state 
comes from the over-coordinated Si atom that is bound to H. 
This center can in principle bind to an additional H atom, and 
further work is necessary in order to make definite assignment.  

 

F. Effect on Minority Carrier Lifetime 

We have measured the capture cross sections of these 
defects in order to asses their significance as recombination 
centers. For the case of the H1/H2 traps we find that the 
directly measured hole capture cross section σp = 1×10-15 cm2

while the directly measured electron capture cross section n =
2.9×10-17 cm2. These figures, along with an activation energy 
of 0.36 eV for hole emission to the valence band, indicate that 
the defects are acceptors and rather powerful minority carrier 
recombination centers in n-type Si. The low level lifetime can 
be calculated from: 

                       1
Tthp NV ,                      (1) 

where Vth is the hole thermal velocity and NT the trap 
concentration. Taking Vth = 1.6×107 cm s-1 and a value of NT = 
4×1013 cm-3 the low level minority carrier lifetime in the n-
type material would be ~ 1.5μs. For the limit of the high level 
lifetime where p≈n the value is much higher, in this case ~ 
40μs.  This value of trap concentration NT is the measured 
value near the surface of CCz samples where hydrogen has 
been introduced by etching as shown in Fig. 8. However, 
when the lifetime is measured using conventional instruments, 
the sampling depth is much greater depending on the specific 
instrument used. In general a weighted average is recorded. In 
the case of out Semilab WT200PVN using a 905 nm LASER 
in the μPCD mode at ~10GHz with 5 cm material the 
sampling depth is ~50μm determined by the LASER 
extinction depth and the minority carrier diffusion length. The 
precise calculation of the effect of recombination centers in a 
near surface layer as shown in Fig. 8 on effective lifetime as 
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determined by the WT2000PVN machine is not possible. 
However, an estimate can be made of the weighted average 
that a 1.5μm region with a mean lifetime of 1.5μs would show 
a measured lifetime of the slice of ~60μs. 

We have used the fact that the 0.36 eV recombination 
center anneals out at 200°C to quantify the effect that it has on 
measured lifetime. We have measured the minority carrier 
lifetime using μPCD before and after the annihilation of the 
recombination centers in slices by annealing at 200°C.  

 
Fig. 12 shows the low excitation level (~1015 cm-3) 

lifetime map of a hydrogenated sample before and after 
annealing. The measured lifetime is compromised by cutting 
damage with the result that the average lifetime was much 
lower than the bulk ingot value. The average lifetime 
measured on the slice before anneal was 30μs and afterwards 
57μs. Assuming that all the 0.36 eV recombination centers are 
lost as a result of the anneal the lifetime attributable to the 
0.36 eV recombination path is 63μs.  This is consistent with 
the calculated change expected from the measured 
concentrations and parameters of the recombination state. 
Both DLTS and the direct lifetime measurements indicate that 
the defect is an important recombination center. 

V. CONCLUSION 

Recombination centres are formed in n-type silicon by the 
interaction of hydrogen and oxygen dimers. In some 
circumstances our measurements indicate that the 

concentration of these recombination centres is sufficiently 
high to have an important effect on the minority carrier 
lifetime of the silicon and in consequence the efficiency of 
solar cells. The situation is most important in silicon with high 
oxygen content which has been heat treated at around 550°C. 
The properties of the defect are identical whether the 
hydrogen is introduced from wet etching, hydrogenated silicon 
nitride or from remote hydrogen plasma. The recombination 
centres have been seen in conventional Cz material and in 
continuous Cz but not in FZ material. 
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It has been acknowledged for over 50 years that treatments
with hydrogen can improve silicon semiconductor devices. In
recent years, these have been used to an advantage in silicon
solar cells reducing the loss of photo-generated carriers at the
silicon surface or at the silicon interface with dielectrics.
However, we have found that in some types of silicon the in-
diffusion of hydrogen can result in the formation of powerful
recombination centers composed of carbon, oxygen, and
hydrogen which reduce the carrier lifetime and ultimately the
efficiency of solar cells made from such material.

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction The target for silicon photovoltaics
is to approach as closely as possible the Shockley–
Queisser limit of efficiency of �30% at 1 sun [1, 2].
Photovoltaic (PV) cell efficiencies >25% have been
obtained in the lab by using high quality single crystal
silicon but this contrasts with commercial devices which
typically have module efficiencies<16%. In general these
devices use cheaper multi-crystalline silicon. Obtaining
materials with long minority carrier lifetime and its
maintenance throughout the manufacturing processes is
crucial for achieving high efficiencies and this is a major
objective for future silicon solar technologies. The carrier
lifetime is limited by recombination processes which

depend on the material to be used and the cell processing
that it undergoes. The reduction of surface recombination
by the passivation of surface and interface states has long
been a part of silicon PV manufacture. Among the most
widely used materials for surface passivation are
hydrogenated silicon nitride (SiNx:H), aluminum
oxide [3], and annealed Al/SiO2 [4]. In these materials,
hydrogen content has been found to play an important role
for lifetime improvement [5, 6]. Moreover, a recent
publication proposed that hydrogen passivation of
recombination centers in bulk of Si materials can be
enhanced by manipulating the charge states of the
hydrogen atoms [7]. Although hydrogen passivation
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mechanisms are not fully understood, they are accepted in
silicon PV technology as beneficial for Si solar cells.

However, we have found that under some circum-
stances, contrary to the widely accepted views, hydrogena-
tion can result in degradation of the carrier lifetime in
silicon. In our study of n-type Si grown by Czochralski
techniques, the appearance of two powerful recombination
centers has been observed after the introduction of hydrogen
into samples containing relatively high concentrations
(�5� 1015 cm�3) of carbon impurity atoms. The same
centers have been detected irrespective of the hydrogenation
method. The most important observations were obtained by
the application of the minority carrier transient spectroscopy
(MCTS) technique [8], which allows us to measure
positions of deep energy levels of the minority carrier
traps in the silicon band gap and both the minority and
majority carrier capture cross sections. Guided by ab initio
calculations of possible defect structures and using a
combination of MCTS, optical absorption and annealing a
range of samples with different oxygen and carbon
concentrations, we have obtained data about the composi-
tion of the centers and their thermal stability. The work
reported here shows conclusively that the centers are related
to carbon–oxygen–hydrogen complexes. So, as carbon is
present as an impurity in some solar silicon materials
including those grown by new methods under development
commercially [9], our new findings suggest that this may be
an important issue for future silicon PV technologies.

2 Experimental and modeling details In this
work, we focus on n-type Czochralski (Cz) Si materials
grown by conventional and the newer less expensive
continuous Czochralski (C-Cz) techniques [10]. These types
of materials are starting to be used in the solar industry
for high efficiency products potentially replacing multi-
crystalline p-type material, at least in part because n-type
Cz and C-Cz silicon when compared to p-type silicon
has a higher “as grown” lifetime, lesser vulnerability to
metallic contamination effects and little light induced
degradation [11].

The materials that we have studied include a wide
range of Cz and C-Cz silicon wafers with interstitial
oxygen concentration in the range 12< [Oi]< 20 ppma
(1 ppma¼ 5� 1016 cm�3) and substitutional carbon con-
centration of 0.01< [Cs]< 9 ppma. A comparison has been
made with float zone (FZ) silicon samples with [Oi] and
[Cs]< 0.2 ppma. The n-type Si samples that we used were
phosphorous doped with resistivities between 1 and
8V � cm. The characterization of the centers was done by
means of conventional and high-resolution Laplace deep
level transient spectroscopy (L-DLTS) [12], MCTS, and
local vibrational mode optical absorption spectroscopy.
Samples of each material were cut and RCA cleaned, then
the hydrogen was introduced into the silicon by three
different techniques: (i) wet etching with either KOH or
HF/HNO3 solutions; (ii) 50W remote H plasma exposure
for 30min at temperatures between 25 and 250 8C; and

(iii) in-diffusion of hydrogen from H-rich silicon nitride
films (SiNx:H). This latter technique simulates hydrogen
introduction in a solar cell fabrication process. After
cleaning, the samples were subjected to evaporation of Au
through a shadow mask from the front side and Al
evaporation without mask on the back side to produce
Schottky barrier diodes (SBDs) and an Ohmic contact,
respectively. An un-metalized region of the Ohmic contact
was left on the back of the MCTS samples to allow optical
excitation from a 940 nm light emitting diode (LED). In the
case of the samples with SiNx:H films, the films were etched
off in diluted HF prior to metal deposition. Each diode was
characterized firstly with current–voltage and capacitance–
voltage measurements, and then DLTS, MCTS, and Laplace
DLTS/MCTS measurements were carried out for detection
and characterization of electrically active defects.

First-principles calculations of CO and COH com-
plexes were carried out within density-functional theory
using the projector-augmented wave method to account
for the core electrons, and plane-waves limited by a
400 eV kinetic energy cut-off to describe the valence
electrons [13, 14]. The generalized gradient approxima-
tion was used to describe the exchange and correlation
energy, with the application of the Perdew, Burke, and
Ernzerhof (PBE) functional [15]. Atomistic models of the
CO and COH complexes were introduced in cubic
supercells with 216 Si atoms and optimized lattice
constant. Atomic coordinates of the resulting defective
supercells were relaxed until the maximum force fell
below 0.01 eV Å�1. The electron density and Kohn–Sham
orbitals were calculated self-consistently on a 2� 2� 2
Monkhorst–Pack k-point grid [16], enforcing a conver-
gence tolerance for the total energy of 1meV. The
electrical activity of COH models was investigated using
the marker method [17] with the OH defect as a
marker [18]. To this end we also used the Heyd–
Scuseria–Ernzerhof hybrid functional [19] (HSE06)
which mixes a portion of exact exchange with the PBE
exchange-correlation potential. The HSE06 functional
has the advantage of leading to a theoretical band gap of
about 1.2 eV, reducing errors related to the narrow-gap
syndrome of (semi-) local exchange correlation
approximations.

3 Observations and results In Ref. [20], we have
shown the MCTS spectra for n-type Cz and C-Cz samples
subjected to hydrogenation by the three methods
described above. In all the spectra three peaks due to
hole emission from defect levels to the valence band have
been detected. A detailed analysis of the dominant peak,
with its minimum at 180 K for the emission rate window
of 50 s�1, with the application of high resolution Laplace
MCTS (L-MCTS) [12] has shown that this peak consists
of two different emission signals, H1 and H2 [20].
Further, it has been shown that the concentration profiles
of the H1 and H2 traps scale with the hydrogen
concentration profiles, so confirming the involvement
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of hydrogen atoms into the structure of the corresponding
defects.

We have determined electronic characteristics of the
dominant H1 and H2 hole traps from direct measurements of
their hole emission rates and capture cross sections of holes
and electrons using LaplaceMCTS. FromArrhenius plots of
T2-corrected hole emission rates, the activation energies for
hole emission from the defect levels to the valence band and
pre-exponential factors have been found to be:
0.38� 0.01 eV and 1.8� 107 s�1K�2, and 0.36� 0.01 eV
and 1.2� 107 s�1K�2 for the H1 and H2 traps, respectively.
Directmeasurements of the capture cross sectionsofminority
carriers (sp) by the traps have been carried out by the
application of back-side light pulses of different length from
an LED. The minority carrier concentration needed for the
calculation of sp has been determined from the measured
value of the diode photo-current at a temperature of trap
fillingmeasurements. The values ofsp for theH1 andH2 traps
have been determined as 9.8� 10�16 and 7.9� 10�16 cm2,
respectively.Nosignificant temperaturedependenceof thesp
values has been detected. The values of majority carrier
capture cross sections (sn) have been determined by the
application of the so-called “clearance pulse” pulse of
different lengths (“zero” bias voltage in this case) immedi-
ately after the application of a long optical filling pulse. The
application of the clearance pulse resulted in capture of
electrons by the traps filled by holes and corresponding
reduction in the magnitude of the hole emission signals. The
sn values for the H1 and H2 traps have been found to be
2.0� 10�17 and 1.95� 10�17 cm2, respectively.

An analysis of the obtained sp and sn values indicate
that both the H1 and H2 traps are of acceptor nature, and
considering the positions of their levels in the gap it can be
suggested that the traps are effective recombination centers
for holes in n-type Si. Indeed, using the relationship, that at
low injection level, the lifetime depends on the minority
carrier capture cross section and trap concentration (NT) as
follows:

t ¼ spvthNT
� ��1 ð1Þ

where vth is the hole thermal velocity and taking vth¼
1.7� 107 cm � s�1 and NT¼ 4� 1013 cm�3 (an average trap
concentration probed by DLTS/MCTS in the sub-surface
region of some of our studied samples) we obtain the
lifetime value of about 1.5–1.9ms. For the limit of the high
injection level, i.e., when p� n, the lifetime value is higher,
in this case �40ms. These calculations thus confirm the
strong limiting impact of the centers on the minority carrier
lifetime in the Cz n-type material.

Evidence for the involvement of oxygen impurity atoms
in the structure of the H1/H2 centers has been presented by
us in Ref. [20]. In Ref. [20], we have mentioned a quadratic
dependence of concentration of the recombination centers
on [Oi] but after measuring many more samples since
publishing that paper it appears that the dependence is less

than quadratic. Further, it has been found that the
concentration of the H1/H2 traps is negligible in some
Cz-Si crystals with relatively high oxygen concentrations
but with low carbon concentrations. Figure 1 show the
MCTS spectra recorded on the hydrogenated n-type Si
samples with similar values of the oxygen concentration
(�7.5� 1017 cm�3) but different concentrations of carbon
impurity atoms. An analysis of the data presented in Fig. 1
shows that the concentration of the H1/H2 traps is a nearly
linear function of the carbon concentration. So, the obtained
experimental data clearly indicates that the H1/H2 defects
consist of centers incorporating oxygen and carbon impurity
atoms to which a hydrogen atom is attached.

Substitutional carbon atoms are known to be effective
traps for mobile interstitial oxygen atoms. From low-
temperature infrared-absorption measurements of carbon
and oxygen rich Cz silicon, the local vibrational modes of at
least four COn complexes with different numbers of oxygen
atoms have been identified [21–23]. Concentrations of the
complexes can be varied by temperature and duration of
heat-treatments in the temperature range 500–1100 8C
[22, 23]. To determine which of the CO complexes can
be precursors of the H1/H2 centers, we have heat-treated a
few samples from a Cz-Si crystal with [Oi]¼ 7.3� 1017

cm�3 and [Cs]¼ 4.5� 1017 cm�3 in the temperature range
500–700 8C and carried out infrared absorption (IR) and
MCTS measurements on them. Figure 2a shows the IR
absorption spectra of the heat-treated samples in the wave-
number range 1080–1120 cm�1 and Fig. 2b shows the
MCTS spectra of the corresponding heat-treated and
hydrogenated samples. It appears that there is a good
correlation between the intensity of the IR absorption band

Figure 1 MCTS spectra for n-type Cz-Si samples with [Oi]¼
7.5� 1017 cm�3 and different [Cs]. Hydrogen was introduced by
etching in 1HF/7HNO3 solution for 3min.
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at 1104 cm�1 (A band), which has been related to a complex
incorporating one oxygen and one carbon atom [21–23], and
the magnitudes of the MCTS signal due to the H1/H2 traps.

From density functional calculations, the minimum
energy configuration of the CO center consists of a
substitutional carbon atom with an interstitial bond-centered
oxygen atom separated from Cs by a silicon atom. The
binding energy of the pair is 0.51 eV. This agrees with the
results of previous calculations [24]. The calculated
asymmetric stretching-mode frequency of the Si–O–Si unit
in CO is 1074 cm�1, which is about 20 cm�1 below the
analogous mode frequency calculated for isolated Oi, and in
good agreement with the infrared absorption data reported
above. The CO pair is found to be an effective trap for
hydrogen impurity atoms and the minimum energy
configuration of the COH complex in the negative charge
state (stable in n-type material) is shown in Fig. 3a. The
binding energy of the H� anion to the CO defect is found to
be 0.74 eV, in line with the thermal stability of the H1/H2

traps. We predict that the COH complex shown in
Fig. 3a introduces an acceptor level at about Evþ 0.39 eV
into the band gap, which is very close to the experimentally
determined values for the acceptor levels of the H1/H2 traps.
Figure 3a also shows that the acceptor level of COH
corresponds to a bonding state mostly localized on the Si–H
bond and particularly on Si–Si bonds, therefore having a
similar character to the topmost valence band states of Si.
Combining this property with the fact that a negatively
charged COH defect will attract holes, wemay conclude that
this complex has the right ingredients to be a rather effective
minority carrier recombination center in n-type Si. As
represented in Fig. 3b the mechanism involves capture of

photo-generated holes, followed by capture of a majority
carrier to recover equilibrium.

It has been found that like many other H-related defects
in silicon the H1/H2 recombination centers anneal out at
quite low temperatures, they have been shown to be
eliminated after a 30-min anneal at 175 8C [20]. We have
used this fact for studying an effect of the H1/H2 centers on
minority carrier lifetime in silicon. Measurements of
effective minority carrier lifetime in silicon wafers were
carried out with the use of a SemilabWT-2000 PVN m-PCD
machine with the excitation of non-equilibrium carriers by
pulses from a 904 nm semiconductor laser and microwave

Figure 2 (a) Infrared-absorption spectra of a set of carbon and oxygen rich n-type Cz-Si samples after heat-treatments: at 700 8C for
30min, at 500 8C for 1.5 h, and at 550 8C for 1 h. The absorption peaks, which are labelled as A, B’, and D in the spectra are related to the
COn complexes [22, 23]. (b) MCTS spectra recorded on neighboring samples to those used in the IR absorption measurements after same
heat-treatments. All the samples we subjected to hydrogenation by etching in 1HF/7HNO3 solution for 3min prior to the measurements.

Figure 3 Structure of the COH complex. (a) Minimum energy
configuration of the COH complex in the negative charged state.
The isosurface depicts the highest occupied state for
c k ¼ G; rð Þ ¼ �0:02, with positive and negative phases shown
in blue and red, respectively. (b) Band gap diagram showing the
fully occupied acceptor state of COH depicted in (a), and how it
interacts with minority carriers (hþ) in n-type material.
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frequency of about 10GHz. The wafers have been subjected
to either wet chemical or H plasma treatments and their
lifetime was then measured with iodine/ethanol surface
passivation. The slices studied had a thickness of about
180mm and resistivity 5V � cm. The combination of
microwave skin depth and LASER extinction depth results
in the measured conductivity decay indicating a lifetime
which is weighted to the region between the surface and a
depth of � 50mm. This is much wider than the region in
which we generate the H1/H2 recombination centers in our
etching experiment (�3mm) [20] so this has to be
considered when analyzing the effect of the recombination
centers on the measured lifetime. The slices were then
annealed at 200 8C for 10–20min on a hot plate exposed to
air so as to eliminate the COH defects and the lifetime
measurements repeated. Figure 4 shows the comparison of
two lifetime maps after KOH hydrogenation before (Fig. 4a)
and after (Fig. 4b) a 200 8C anneal, the results show an
increase of �45% in average lifetime. Overall the
200 8C anneal of the hydrogenated n-type Si:OþC samples
resulted in an increase of the effective lifetime of
40–100% [20], so confirming the strong effect of the
H1/H2 traps on the minority carrier lifetime despite the
recombination due to H1/H2 being concentrated in a narrow
surface region.

It should be mentioned, however, that the sample in
which the annealing behavior of the H1/H2 traps was studied
had hydrogen only present in a narrow sub-surface layer;
during heat-treatments the hydrogen diffuses away to the
surface and into the bulk. If hydrogen is retained in the slice
(e.g., in samples with a SiNx:H coating) then on cooling
down after heat-treatments the recombination centers will
reform and the minority carrier lifetime will remain
degraded after thermal cycles. So, it is likely that the
H1/H2 traps can survive after normal cell fabrication

processes and hence reduce the efficiency of solar cells
using n-type Si containing oxygen and carbon impurity
atoms.

4 Conclusions It is shown in our work that very
powerful recombination centers can be formed in n-type
silicon by the interaction of hydrogen and carbon–oxygen
defects. Our measurements indicate that under common
manufacturing conditions the concentration of these
recombination centers is sufficiently high to have an
important effect on the minority carrier lifetime and, in
consequence, on the efficiency of solar cells. The probability
of this happening is large as carbon and oxygen are the main
light element impurities in recent commercial Cz and C-Cz
solar silicon [9], and hydrogen is readily introduced during
solar cell processing. The properties of the defects are
identical whether the hydrogen is introduced from wet
etching, hydrogenated silicon nitride, or from remote
hydrogen plasma. Hydrogen is thought to be a beneficial
impurity in Si solar cells technology, however, as the solar
industry moves to cheaper material manufacturing pro-
cesses with higher carbon concentrations, care should be
taken in order to prevent hydrogen interactions with carbon–
oxygen defects and the formation of the detrimental COH
complexes.
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Hydrogen plays an important role in the passivation of interface states in silicon-based metal-oxide

semiconductor technologies and passivation of surface and interface states in solar silicon. We

have shown recently [Vaqueiro-Contreras et al., Phys. Status Solidi RRL 11, 1700133 (2017)] that

hydrogenation of n-type silicon slices containing relatively large concentrations of carbon and oxy-

gen impurity atoms {[Cs] � 1� 1016 cm�3 and [Oi] � 1017 cm�3} can produce a family of C-O-H

defects, which act as powerful recombination centres reducing the minority carrier lifetime. In this

work, evidence of the silicon’s lifetime deterioration after hydrogen injection from SiNx coating,

which is widely used in solar cell manufacturing, has been obtained from microwave photoconduc-

tance decay measurements. We have characterised the hydrogenation induced deep level defects in

n-type Czochralski-grown Si samples through a series of deep level transient spectroscopy (DLTS),

minority carrier transient spectroscopy (MCTS), and high-resolution Laplace DLTS/MCTS mea-

surements. It has been found that along with the hydrogen-related hole traps, H1 and H2, in the

lower half of the gap reported by us previously, hydrogenation gives rise to two electron traps, E1

and E2, in the upper half of the gap. The activation energies for electron emission from the E1 and

E2 trap levels have been determined as 0.12, and 0.14 eV, respectively. We argue that the E1/H1

and E2/H2 pairs of electron/hole traps are related to two energy levels of two complexes, each

incorporating carbon, oxygen, and hydrogen atoms. Our results show that the detrimental effect of

the C-O-H defects on the minority carrier lifetime in n-type Si:OþC materials can be very signifi-

cant, and the carbon concentration in Czochralski-grown silicon is a key parameter in the formation

of the recombination centers. VC 2018 Author(s). All article content, except where otherwise noted,
is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/1.5011351

I. INTRODUCTION

Hydrogen has been used for over 50 years in the semicon-

ductor industry to passivate surface and interface states by satis-

fying dangling bonds. This was the important breakthrough in

the 1970s,1 which enabled metal-oxide-semiconductor (MOS)

and complementary MOS (CMOS) signal processing devices to

be made reproducibly and is still an important part in the proc-

essing of modern microelectronic devices ranging from semi-

conductor memory to processor chips.2 Hydrogen passivation of

interface states and recombination centers in multicrystalline

and crystalline silicon materials has also been successfully used

in solar cell processing3–6 and has become a part of solar silicon

research and technologies.7,8 Such passivation results in fewer

carriers being lost at the surface of the silicon solar cell, at the

interface with the anti-reflection dielectric layers, and in the solar

material bulk thereby contributing to increased cell efficiencies.

Achieving higher efficiencies of solar cells has become the

prime target for the solar cell industry as discussed in a recent

review paper by Green.9

However, somewhat surprisingly we have found recently

that hydrogen atoms can react with carbon-oxygen-related

defects in silicon to produce powerful recombination centers,

which reduce the minority carrier lifetime in n-type silicon

containing O impurity atoms and higher than usual concentra-

tions of C, thereby reducing the efficiency of any solar cells

made from such material.10,11 We have reported the observa-

tion of two very powerful recombination centers, H1 and H2,

formed by carbon-oxygen and hydrogen (C-O-H) interactions

in a range of n-type Czochralski (Cz) Si materials grown by

conventional and continuous Czochralski (C-Cz) techniques.11

These types of materials are gaining ground in the solar indus-

try for high efficiency products because of a number of benefi-

cial properties compared to p-type silicon. They have,

particularly, a higher “as grown” lifetime, lesser sensitivity

to metallic contaminations, and negligible light induced deg-

radation.12,13 However, the oxygen concentration is high

(�5� 1017 cm�3) in Czochralski-grown silicon, and some Cz-

and C-Cz-Si materials grown for solar applications contain

rather high (>2� 1016 cm�3) concentration of carbon atoms.

As hydrogen is frequently encountered in the silicon solar

materials either by deliberate introduction or as a result of

wafer processing, the likelihood of the formation of the C-O-

H complexes is quite significant in n-type Cz-Si and C-Cz-Si,

thereby making the solar cells from these materials more sus-

ceptible to an efficiency decrease if the C-O-H reaction can

0021-8979/2018/123(16)/161415/7 VC Author(s) 2018.123, 161415-1
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progress and the complex retained in the finished product. It

has been found that like many other H-related defects in sili-

con, the H1/H2 recombination centers anneal out at quite low

temperatures, and they have been shown to be eliminated after

a 30-min heat-treatment at 175 �C.10 However, as we have

suggested in Refs. 10 and 11, when enough hydrogen is pre-

sent in hydrogenated solar cells, the C-O-H complexes

can reform upon cooling the cells after heat treatments at

T� 200 �C and thereby reduce the cell efficiency.

In the present work, we show the results of a series of

microwave photoconductance decay (lPCD) measurements,

which validate the earlier suggestion and demonstrate lifetime

deterioration in n-type Cz-Si samples after hydrogen injection

from SiNx coating, which is widely used in solar cell

manufacturing, and after the introduction of hydrogen by other

methods. Further, it is shown that along with the hydrogen-

related H1 and H2 hole traps in the lower half of the gap, hydro-

genation of n-type Cz-Si samples give rise to two electron traps

(E1 and E2) in the upper half of the gap. These electron traps

have been characterized and their origin is discussed.

II. EXPERIMENTAL DETAILS

We have carried out measurements of minority carrier life-

time and characterization of deep level defects on samples from

a wide range of n-type phosphorus doped Cz- and C-Cz-Si

wafers with resistivity between 1 and 8 X cm. The concentra-

tion of interstitial oxygen atoms, [Oi], was in the range from 12

to 20 ppma (1 ppma¼ 5 � 1016 cm�3), while the concentration

of substitutional carbon atoms, [Cs], varied from 0.01 to 9

ppma in the samples studied. Also a few float zone (FZ) grown

silicon samples with [Oi]< 0.2 ppma have been studied for a

comparison. The samples were cut and RCA cleaned, and

hydrogen was then introduced into the silicon by three different

techniques: (1) wet etching with either KOH or HF/HNO3

solution, (2) 50 W remote H plasma exposure for 30 min at

temperatures between 25 and 250 �C, and (3) in-diffusion of

hydrogen from H-rich silicon nitride (SiNx:H) films. SiNx:H

films were deposited by the Plasma-Enhanced Chemical

Vapour Deposition (PECVD) technique, in a PlasmaPro 100

PECVD system, using Oxford Instruments. The deposition

parameters were: 20:20 sccm SiH4:NH3 gas flow, 300 mTorr

chamber pressure, 400 �C table temperature, 13.56 MHz plasma

generated frequency, and 50 W of power. These parameters

produced a 90 nm SiNx:H film after 2 min of plasma exposure,

which was then etched off in an Oxford Instruments System

100 180 RIE system before measurements of minority carrier

lifetime. For etching the SiNx:H films, the samples were

exposed for 50 s to a 6 W RF plasma plus a 600 W inductively

coupled plasma (ICP) of O2:CHF3:CF4 (2:10:23 sccm) gas, at

13.56 MHz. The annealing of the samples, aimed at the dissoci-

ation of the hydrogen-related recombination active defects, has

been carried at 200 �C in an oven in air ambient.

The microwave photoconductivity decay (lPCD) lifetime

mapping was carried out with the use of a Semilab WT-2000

PVN machine, which has 905 nm LASER excitation and a

microwave source operating at �10 GHz. The lifetime maps

thus represent an averaged lifetime in the sample at a depth of

a few tens of microns from the surface. For suppression of

surface recombination, the maps were recorded with both sur-

faces of the samples covered with iodine/ethanol solution.14

For deep level transient spectroscopy (DLTS) and

minority carrier transient spectroscopy (MCTS) measure-

ments,15 the samples were cleaned and subjected to evapora-

tion of Au through a shadow mask from the front side and to

Al evaporation without mask on the back side, to produce

Schottky barrier diodes and an Ohmic contact, respectively.

An un-metalized region of the Ohmic contact was left on the

back of the MCTS samples to allow an optical excitation

from a 940 nm light emitting diode (LED). Each diode was

characterized first with the current-voltage and capacitance-

voltage measurements, and subsequently DLTS, MCTS, and

high resolution Laplace DLTS/MCTS16 measurements were

carried out for the detection and characterization of electri-

cally active defects.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Effect of hydrogenation treatments on minority
carrier lifetime in n-type Cz-Si

We have carried out a series of lPCD measurements to

observe the reduction of the minority carrier lifetime induced

by hydrogen introduction with different methods into an n-Si

sample with [Oi]¼ 7.5� 1017 cm�3, [Cs]¼ 4.5� 1017 cm�3,

and 2 mm thickness. Figure 1 shows a set of minority carrier

lifetime maps recorded on the Si:OþC sample, which was

subjected to the following subsequent hydrogenation treat-

ments: (a) wet etching in 1HFþ 7HNO3 solution for 3 min at

room temperature (RT), (b) 50 W remote H plasma exposure

for 30 min at RT, (c) wet etching in 20% KOH solution for

10 min at 60 �C. Figure 1 also shows a lifetime map recorded

on the other side of the same sample after in-diffusion of hydro-

gen from H-rich silicon nitride (SiNx:H) films (the deposition

temperature was 400 �C). All the maps were recorded immedi-

ately after each hydrogenation treatment and then after anneal-

ing at 200 �C for 20 min to destroy the C-O-H complexes.

An inspection of the lifetime maps in Fig. 1 shows that

each hydrogenation step resulted in the lifetime degradation of

the material and its partial recovery after the heat treatments at

200 �C. Further, some decrease in the averaged lifetime (sav)

occurred in the course of the subsequent hydrogenation-

annealing steps from the first cycle with HF/HNO3 etching

(sav¼ 273 ls) to the last one with KOH etching (sav¼ 111 ls).

Such a reduction can be associated with the accumulated intro-

duction of hydrogen into the sample after each hydrogenation

step, thereby making the thermally induced recovery of lifetime

more difficult after each of the subsequent hydrogenation-

annealing cycles. The depth of the hydrogen penetration into

the sample upon the SiNx:H film deposition procedure is

greater than in any other hydrogenation treatments used in this

study because of the higher processing temperature, so it is

likely that the recombination active C-O-H complexes have

been re-formed in the SiN-processed sample during cooling

down after the 200 �C annealing. The re-formed C-O-H

complexes are responsible for the low sav value, 117 ls, after

the recovery annealing treatment. The results of lifetime

mapping presented in Fig. 1 validate the idea suggested in

Refs. 10 and 11 regarding the recovery of the C-O-H

161415-2 Vaqueiro-Contreras et al. J. Appl. Phys. 123, 161415 (2018)



complexes upon cooling down the n-type Si:OþC samples

after their heat-treatments at temperatures higher than 200 �C
when enough hydrogen is present in the samples. It is very

likely that the C-O-H complexes can survive in n-type Cz-Si-

based solar cells throughout the manufacture processing, which

incorporate a SiNx:H film deposition step, thereby resulting in a

reduction of efficiency of the finished solar cells.

B. Electronic properties of the hydrogenation induced
electron traps in n-type Cz-Si and their possible origin

In our previous paper,10 the DLTS and MCTS spectra for

one of the hydrogenated n-type Si:CþO samples have been

shown. In the DLTS spectra, four peaks due to electron traps

labelled as E1 to E4 have been detected, and in the MCTS

spectra, four negative peaks due to hole traps labelled as H1 to

H4 have occurred. These peaks can be seen in Figs. 2, 4, and 5

in the present paper. In Ref. 11, we have characterized and

identified the dominant hole traps, H1 and H2, in hydrogenated

n-type Cz-Si samples. From a series of Laplace MCTS mea-

surements, the positions of energy levels of the H1 and H2

traps have been determined as Evþ 0.38 eV and Evþ 0.36 eV,

respectively, and the ratios of the capture cross sections of

minority (holes) and majority (electrons) carriers as 50 and

40, respectively.11 The measured parameters indicate that

both the H1 and H2 traps are related to the acceptor levels of

two defects, which are powerful recombination centers for

holes in n-type Si crystals and are responsible for the lifetime

degradation in the hydrogenated n-type Cz-Si crystals. We

have demonstrated the involvement of carbon, oxygen, and

hydrogen atoms in the formation of centers responsible for the

H1 and H2 traps, and with the use of low temperature infrared

absorption measurements, it has been found that a complex

consisting of a substitutional carbon and an interstitial oxygen

atom (C-O) is a pre-cursor of these defects.11 The possible

structures of the C-O-H complex with electronic properties

close to those for the H1 and H2 traps have been found from

the first principles calculations.11,17

Here, we present results of a study of the electronic

properties and thermal stability of the E1, E2, and E4 electron

traps and some results on the relation of these traps to the

most abundant oxygen, carbon, and hydrogen impurities. It

should be noted, however, that the E1 – E4 traps do not

appear to be the significant recombination centers for holes

in n-type Si crystals because of the closeness of their energy

levels to the conduction band edge.

Figure 2 shows the development of the DLTS and

MCTS spectra upon 30-min isochronal annealing of a hydro-

genated n-type Cz-Si sample in the temperature range from

50 �C to 200 �C. It can be seen that the annealing behaviour

of the E1 and E2 electron traps is similar to that of the H1/H2

hole traps. Both pairs of traps disappear upon heat-

treatments in the temperature range of 150–175 �C. In con-

trast, the magnitude of the peak related to the E4 trap has

increased after the 150 �C and 175 �C annealing steps. The

E4 trap has been assigned in our previous work (Ref. 10) to

the second donor level of the oxygen-related thermal double

donors (TDDs).18 Even though hydrogen can passivate

TDDs, the binding energy of H atoms to the TDDs centers is

not high, and the electrical activity of TDDs is restored after

heat-treatments in the temperature range of 150–175 �C.19

We have roughly estimated the activation energy for the E4

trap recovery from the isochronal annealing data in Fig. 2

and obtained the value of 1.65 6 0.05 eV, which is close to

that found in Ref. 19 for the elimination of the TDD-H com-

plexes. So, our results on the annealing behavior of the E4

trap validate the assignment of this trap to TDDs and are

consistent with the previous DLTS results on TDDs and their

passivation with hydrogen.18,19

The similarity in the elimination behaviour of the E1/H1

and E2/H2 trap pairs (Fig. 2) suggests that these pairs can be

related to two energy levels of two defects. Later on, we present

some results, which confirm this suggestion. Figure 3 shows the

concentration profiles of the H2 and E2 traps in a Cz-Si sample,

which was subjected to etching in 1HFþ 7HNO3 solution for

3 min at room temperature. The profiles have been obtained

with the use of Laplace DLTS/MCTS techniques; however, the

FIG. 1. Lifetime maps of an n-Si sample with [Oi]¼ 7.5� 1017 cm�3, [Cs]¼ 4.5� 1017 cm�3, and 2 mm thickness recorded with the use of Semilab WT-2000

PVN machine and iodine/ethanol surface passivation after hydrogenation with four different methods and subsequent heat-treatments at 200 �C for 20 min to

destroy the C-O-H recombination centers.
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measurement conditions for the E2 and H2 traps were different.

The concentration profile for the E2 trap has been obtained

using L-DLTS by changing both bias and pulse voltages (Ub

and Up, respectively) and a fixed difference between Ub and

Up. So, the concentration values for the E2 trap have been deter-

mined in nearly equidistant relatively narrow probing areas.20,21

In MCTS measurements, only the reverse bias can be changed,

and the probing area for minority carrier traps extends from the

junction (W1¼ 0) to the depletion depth under reverse bias

(W2¼Wb). So, the concentration values for the H2 trap in Fig.

3 are the mean concentration values for the relatively wide

probing areas (e.g. the deepest point for the H2 trap

concentration in Fig. 3 corresponds to the mean concentration

in a region between 0 and 2.85 lm). Taking into account the

earlier and other possible sources of errors in the determination

of minority carrier trap concentration using MCTS measure-

ments,15,22 it appears that the profiles presented in Fig. 3 are

almost certainly related to the same defect. The profiles are

characteristics of the defects induced by hydrogen in-diffusion

during wet chemical etching of n-type Si samples.10,23–25

The E1 and E2 electron traps have been observed in the

DLTS spectra of hydrogenated Cz-Si samples but not in the

spectra of hydrogenated FZ-Si samples. This observation indi-

cates an involvement of oxygen impurity atoms into the corre-

sponding defect structures. We have further investigated the

possible links of the E1 and E2 electron traps to carbon and oxy-

gen impurities. In Fig. 4, the DLTS and MCTS spectra are

compared for four hydrogenated as-grown n-type Cz samples

with different Cs and nearly equal Oi concentrations. In order to

take into account the differences in resistivity of the samples

studied, we have plotted the value of 2�Nd � DC/Cb on the

vertical axis of Fig. 4, where DC is the magnitude of a capaci-

tance change related to carrier emission from traps, Nd is the

concentration of doping atoms, and Cb is the bias capacitance.

Figure 4 show similar changes in concentrations of the E1 and

E2 electron traps and H1/H2 hole traps with changes in the car-

bon concentration in the samples. It should be noted here that

the dependence of the concentration of the C-O complex on

[Cs] and [Oi] values is not straightforward, as the [C-O] value

depends on thermal prehistory of Si samples.11,26–28 It is possi-

ble to change the [C-O] value significantly by heat-treatments

of the Si:OþC samples in the temperature range of

500–800 �C.27,28 The DLTS and MCTS spectra presented in

Fig. 5 show similar changes in the concentration of the E1/E2

electron traps and H1/H2 hole traps in samples from a carbon

and oxygen rich Si material, which were subjected to heat-

treatments in the temperature range of 500–750 �C with subse-

quent hydrogenation.

A comparison of the introduction and annealing behav-

iours of the E1 and E2 electron traps and H1 and H2 hole traps

(Figs. 2–5) strongly indicates that the E1/H1 and E2/H2 pairs

FIG. 3. Concentration profiles of the H2 hole traps and E2 electron trap in a

Cz-Si sample. Hydrogen was introduced into the sample by etching in

1HFþ 7HNO3 solution for 3 min at room temperature. The profiles were

measured with the use of L-DLTS and L-MCTS techniques for the E2 and

H2 traps, respectively. Further details of the measurements and analysis are

given in the text.

FIG. 2. DLTS and MCTS spectra of a hydrogenated n-type Cz-Si sample, which was subjected to 30-min isochronal annealing in the temperature range of

50 �C to 200 �C. The spectra are shifted on the vertical axis for clarity. Hydrogen was introduced into the sample by etching in 1HFþ 7HNO3 solution for

3 min at room temperature.
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can be associated with two energy levels of two complexes

each incorporating one oxygen, one carbon, and one hydro-

gen atom. We have argued in our previous study (Ref. 11)

that the H1 and H2 hole traps are related to the first acceptor

levels of two C-O-H complexes. So, if the E1/H1 and E2/H2

pairs are related to two energy levels of two C-O-H defects,

it is reasonable to associate the E1 and E2 traps with the sec-

ond acceptor levels of the defects.

We have carried out Laplace DLTS measurements of

electron emission rates (en) and capture cross sections (rn)

for the E1 and E2 traps to determine their electronic charac-

teristics. From the Arrhenius plots of T2-corrected emission

rates, we have derived the activation energies for the electron

emission from the defect levels to the conduction band and

pre-exponential factors as follows: 0.12 6 0.005 eV and

3.3� 107 s�1 K�2; 0.14 6 0.005 eV and 2.1� 107 s�1 K�2 for

the E1, and E2 traps, respectively. From direct measurements

of the majority carrier capture cross sections, we found the

following rn values for the E1 and E2 traps 5.7� 10�16 cm2

and 7.35� 10�16 cm2, respectively. No significant tempera-

ture dependences of rn have been detected for both traps.

The E1 and E2 electron traps have been observed and

characterized in previous works by Yoneta et al.24 and by

Gwozdz et al.25 The results presented in Refs. 24 and 25 are,

in general, consistent with our results on the E1 and E2 elec-

tron traps. There are, however, some discrepancies related to

the identification of the charge state of the E1 and E2 traps.

Yoneta et al.24 have said that “the results on depth profiles of

these traps and carriers suggested the donor character of the

traps, but they hardly exhibited the Poole-Frenkel effect.”

On the other hand, Gwozdz et al. on the basis of their analy-

sis of dependencies of electron emission rates from the E1

and E2 traps (labelled as E65 and E75 traps in Ref. 25) on

the electric field strength have related these traps to single

acceptor levels.25 It should be noted that the values of the

directly measured electron capture cross sections for the E1

and E2 traps given in Ref. 25 (rn¼ 2� 10�18 cm2 for both

the traps) indicate the electron capture by a negatively

charged defect (and so the second acceptor level) rather than

a neutral one.

To obtain some further data to resolve the question

regarding the charge state of the E1 and E2 traps, we have

studied the dependencies of the electron emission rates from

these traps on the electric field strength with the use of

Laplace double DLTS technique.16 The obtained dependen-

cies are shown in Fig. 6. It appears that the dependencies can

be described well by a en / exp(E2) law, thereby indicating

the phonon-assisted tunnelling as the mechanism for the

electric field enhancement of electron emission.29,30 The

phonon-assisted tunnelling has been shown to be the mecha-

nism of the electric field enhancement of carrier emission for

a number of defect levels related to the double to single

charge state transitions in Si and Ge.31–33 So, the results

obtained support our assignment of the E1 and E2 electron

traps to the second acceptor levels of two C-O-H complexes.

The first principles calculations in Refs. 11 and 17 have

revealed several possible structures of the C-O-H defect with

the first acceptor in the lower part of the gap. The possible

existence of a second acceptor level has not been calculated

for these structures. So, further experimental and ab-initio

FIG. 5. DLTS (1 to 3) and MCTS (10 to 30) spectra for a set of three hydro-

genated samples from n-type Cz-Si material with [Oi] � 7.5� 1017 cm�3

and [Cs] � 4.5� 1017 cm�3. Before hydrogenation, the samples were sub-

jected to the following heat-treatments: 1, 10 – 0.5 h at 750 �C; 2, 20 – 1.5 h

at 500 �C; and 3, 30 – 1 h at 550 �C. The measurements parameters are given

in the graph. The spectra are shifted on the vertical axis for clarity.

Hydrogen was introduced into the sample by etching in 1HFþ 7HNO3 solu-

tion for 3 min at room temperature.

FIG. 4. DLTS (1 to 4) and MCTS (10 to 40) spectra for a set of four hydroge-

nated n-type Cz-Si samples with [Oi] � 7.5� 1017 cm�3 and different [Cs]: 1,

10 – 0.01 ppma; 2, 20 – 0.1 ppma; 3, 30 – 1.2 ppma; and 4, 40 – 9 ppma. The

measurements parameters are given in the graph. The spectra are shifted on

the vertical axis for clarity. Hydrogen was introduced into the sample by etch-

ing in 1HFþ 7HNO3 solution for 3 min at room temperature.
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modelling studies are needed to identify configurations and

explain the electronic structures of the two C-O-H com-

plexes responsible for the E1/H1 and E2/H2 electron/hole

traps responsible for the lifetime degradation in hydroge-

nated n-type Si crystals containing a relatively large carbon

concentration.

IV. CONCLUSIONS

A number of minority and majority carrier traps are

observed in phosphorous doped silicon containing oxygen and

carbon impurity atoms after the introduction of hydrogen.

Some of the traps act as powerful recombination centres, which

severely decrease minority carrier lifetime in the Si:OþC

materials. We demonstrate such an effect by lPCD mapping of

the effective lifetime in a carbon and oxygen rich Cz-Si sample,

which was subjected to hydrogenation by four different techni-

ques. The dominant recombination active defects are identified

as two complexes each incorporating carbon, oxygen, and

hydrogen atoms. Our results indicate that even though the

defects are disassociated by heat-treatments at relatively low

temperatures (�200 �C), they are likely to reform upon cooling

the samples down when enough hydrogen is retained in the sili-

con. Particularly, it is shown that such a scenario can be real-

ized in the case of Cz-Si-based solar cells covered with SiNx:H

dielectric films, which are widely used in solar cell industry for

anti-reflection and surface passivation purposes. The rise in Cs

concentrations in recent commercial Cz and C-Cz solar silicon

increases the probability of the formation of the C-O-H com-

plexes and the associated decrease in efficiency of the solar cell

produced from such materials. So, care should be taken for con-

trolling the carbon concentration in solar grade silicon as it is

one of the key parameters for the formation of the detrimental

C-O-H traps.
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We have recently found that in-diffusion of hydrogen into
n-type Si crystals containing oxygen and carbon impurities can
result in the formation of powerful recombination centers (M.
Vaqueiro-Contreras et al., to appear in PSS RRL). Here, we
describe a combination of first-principles calculations
and electrical measurements to investigate the composition,
structure, electrical activity and recombination mechanism
of a carbon-oxygen-hydrogen complex (COH) in Si. We found
a defect comprising a carbon-oxygen complex connected to an
H atom whose location depends on the charge state of the
complex, and showing a calculated acceptor level at Evþ 0.3
eV, a few meV away from the observations.

Bistable carbon–oxygen–hydrogen complex in silicon. Car-
bon, oxygen, hydrogen, and silicon atoms are shown in gray,
red, black, and white, respectively.

� 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Hydrogen, oxygen and carbon spe-
cies are common contaminants in several kinds of silicon
materials. Their origin is broad-based, ranging from the
graphite components in the Czochralski (Cz) furnace
(carbon), to the intrinsic composition of the SiO2 crucible
(oxygen), or simply, they may be unavoidable (such as
hydrogen) [1–3]. Their presence is not always unintentional
though. For instance, during solar cell fabrication, specific
impurities are deliberately introduced, one prominent
example being the deposition of a front-facing silicon
nitride anti-reflection layer, which introduces large quanti-
ties of fast-diffusing atomic hydrogen into the Si [4]. This
process brings important benefits, such as the reduction of
surface recombination, although the underlying mechanism
and possible side-effects of H injection are far from clear.

Isolated carbon and oxygen impurities in Si are
electrically inert and have been subjected to extensive

experimental and theoretical studies. In as-grown Cz-Si,
they occur in large concentrations (usually in magnitudes
of ppm atoms), normally occupying substitutional (Cs)
and bond-centered interstitial (Oi) sites of the Si lattice,
respectively. More than four decades ago, Newman, Willis
and Bean assigned an infrared absorption band at 1104 cm�1

to a vibrational mode localized on a substitutional-carbon-
interstitial-oxygen (CO) complex in Si [5, 6]. Combined
annealing and isotope frequency shift data led the authors
to the interpretation that the band resulted from the capture
of a diffusing Oi impurity, which becomes mobile above
�450 8C, by a substitutional carbon atom. These results
were later supported and translated into an atomistic model
by Kaneta and co-workers [7], where the O atom was not
directly connected to C. Instead, C and O atoms were
separated by an intermediate Si atom forming a Cs-Si-Oi

unit, avoiding the formation of a C–O bond, in favor of

Phys. Status Solidi A, 1700309 (2017) / DOI 10.1002/pssa.201700309
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stronger Si-O and C-Si bonds. The electronic activity of this
center was not addressed at the time, but considering the
coordination of the C, O, and Si-ligand atoms, the complex
is expected to be electrically inactive.

Atomic hydrogen is an amphoteric impurity with
negative-U ordered donor and acceptor occupancy levels
at Ec� 0.18 eV and �Ec� 0.5 eV [8–11], respectively. It is
a bistable impurity � in the positive charge state it is most
stable on the site of highest electron density, that is at the
bond-center site (Hþ

BC), while in the negative charge state it
avoids high electron density regions due to Coulomb
repulsion, preferring to be located at the tetrahedral
interstitial site (H�

T ) [3]. The neutral defect is more stable
at the BC site, meaning that the donor level involves
essentially a direct transition between bond-centered H0

BC
and Hþ

BC þ e� states, hereafter referred to as a HBC(0/þ)
transition, where the final state includes a free electron in the
conduction band. On the other hand, the acceptor is the
energy difference between H�

T and H0
BC þ e�, therefore

involving a considerable lattice relaxation energy. This
indirect transition is referred to as HT/BC(�/0).

Atomic H is known to interact effectively with both
carbon and oxygen impurities in Si. For the case of carbon,
theory and (Laplace) deep-level transient spectroscopy
(DLTS) studies agree that the most stable form of a CH
complex is the one in which the H sits between the C atom
and its Si first neighbor [12]. Unlike isolated bond-centered
H, it was reported that the C-H-Si defect (labeled CHII)
shows a positive-U ordering of its donor and acceptor states
at Evþ 0.33 eV and Ec� 0.16 eV, respectively [12]. An
additional donor level at Ec� 0.22 eV (labeled CHI) was
connected to a metastable precursor of CHII, and was
suggested to consist on a Si-H-Si unit neighboring the Cs

atom [12]. In a recent report by St€ubner and co-workers [13],
from the analysis of DLTS, field-induced change of
emission rates, annealing and depth-profile data, it was
confirmed that the Ec� 0.16 eV level (CHII in Ref. [12], but
now referred to as CHA) is an acceptor. However, they could
not find any sign of CHI. Instead, a shallower donor
transition at Ec� 0.14 eV (labeled CHB) was assigned to a
CHn complex involving n> 1 hydrogen atoms [13].

With regards to the interactionofatomicHwithOi,weknow
fromDLTS that the electrical levels of OH are close to those of
isolated H. Accordingly, donor and acceptor occupancy
transitions at Ec� 0.17 eV and Ec� 0.68 eV were assigned to
OHinSi [10,11].Althoughfirst-principlesmodelingpredict that
hydrogen enhances oxygen diffusivity and that it does not bind
directly toO [14–16], calculations of the electronic structure and
electronic levels of OH in Si have not been reported so far.

We have recently reported the formation of powerful
recombination centers in n-type silicon as a result of the
reaction between hydrogen, carbon and oxygen species [17].
Accordingly, hole traps H1 and H2 at 0.38 and 0.36 eV above
Ev, respectively, were detected in Cz-Si subject to wet
etching, remote plasma exposure and silicon nitride
deposition, and they were assigned to COH complexes.
We also demonstrated that the concentration of these COH

defects is high enough to have a substantial impact on the
minority carrier lifetime of Si-based solar cells.

Below we report on our latest results on the search for
the atomistic and electronic details of the COH-related
recombination center in Si by combining first-principles
calculations with DLTS and LVM infrared absorption
measurements. The next section starts with a description of
the methods employed, which is followed by a summary of
the key observations related to the complex. We then report
on the interaction of atomic H with C and O. These results
are particularly instructive. They provide us with the
fundamental physical-chemical guidelines behind the
model that explains the formation and properties of
COH. Among the calculated observables we report binding
energies, vibrational mode frequencies and electronic
transitions.

2 Methods
2.1 Experimental details For this work we selected

a range of Cz and continuous Cz (CCz) n-type silicon slices
with oxygen concentrations in the range 12< [Oi]< 20
ppma (1 ppma¼ 5� 1016 cm�3) and substitutional carbon
concentration of 0.01< [Cs]< 9 ppma. In addition, as a
control sample we included silicon grown by the float
zone (FZ) method which had [Oi] and [Cs]< 0.2 ppma. All
the material was phosphorus doped with resistivities in
the range 1–8V-cm. The samples were hydrogenated in
three different ways. Hydrogen was introduced into the
samples, firstly, by wet etching with HF/HNO3 solutions,
secondly, by immersion in a 50W remote H plasma for
30min at temperatures between 25 and 250 8C, and, finally,
in a way intended to simulate hydrogenation in a typical
solar cell manufacturing process by in-diffusion of
hydrogen from a H-rich silicon nitride film.

Schottky diodes and Ohmic contacts were fabricated
on the samples prior to capacitance-voltage and DLTS
measurements. Minority carrier transient spectroscopy
(MCTS) [18] using a 940 nm light emitting diode for
optical excitation from the back of the slice was used to
determine the electronic properties of hole traps including
directly measured capture cross sections used to calculate
the contribution of carrier recombination at the traps to the
minority carrier lifetime.

Local mode optical absorption measurements were
undertaken at 30K in the wavenumber range 500–
1500 cm�1 in order to observe the vibrational modes of
COn complexes in the samples.

Minority carrier lifetime measurements were made
using a SemilabWT-2000 PVNm-PCDmachine and iodine/
ethanol surface passivation of the wafers.

2.2 Theoretical details First-principles density
functional calculations were carried out using the VASP
package [19], which uses the projector-augment wave
(PAW) method [20] to deal with core-electrons and
planewaves with a maximum kinetic energy Ecut¼ 370 eV
for the valence. Exchange-correlation interactions were
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dealt within the generalized gradient approximation [21],
and the electron density (potential) was assumed to be
converged when the energy change between two consecu-
tive self-consistent steps was less than 1meV.

Substitutional C, interstitial O, and interstitial H
impurities were inserted into pristine 216-Si-atom super-
cells with cubic shape, optimized lattice constant a¼ 5.4687
Å, and respective Brillouin zones sampled over a 2� 2� 2
grid of special k-points. All defect structures were
optimized using a quasi-Newton algorithm, until the forces
acting on the atoms were converged within 0.01 eV Å�1.

Electronic transitions were evaluated using the marker
method [22]. Experimental levels from isolated interstitial H
and from the vacancy-oxygen-hydrogen complex (VOH),
were used as markers. When compared to bulk markers,
these choices increase the accuracy of the calculated levels
(often by about 0.1 eV) of complexes that incorporate bond-
centered/tetrahedral H or a Si broken bond, respectively.
The levels considered were HBC(0/þ)¼Ec� 0.175 eV,
HT/BC(�/0)¼Ec� 0.5 eV, VOH(0/þ)¼Evþ 0.27 eV, and
VOH(�/0)¼Ec� 0.32 eV [8–11, 23].

LVM frequencies were obtained through diagonaliza-
tion of a dynamical matrix composed of Hessian sub-
matrices with respect to the displacement of impurity atoms
plus their Si ligands. Hessian matrix elements were obtained
numerically with explicit atomic displacements of 0.015 Å
along all symmetry-independent directions.

3 Experimental results In MCTS and DLTS spectra
of the hydrogenated oxygen and carbon rich Si samples, four
electron and four hole emission peaks were detected. In the
DLTS spectrum shown in Fig. 1, the peak labeled as E4 is
associated with the so-called thermal double donors
originating from oxygen complexes [24], whereas the
peaks E1–E3 are related to hydrogen complexes [25, 26].

The E1–E4 traps are not significant in terms of lifetime
degradation and will not be further considered in this work.
The MCTS spectrum and the L-MCTS spectrum, presented
as an inset in the same figure, show hole emission related
signals H1 to H4. We have found that the dominant H1/H2

signals are dependent of carbon, oxygen and hydrogen
content.

Firstly, we have compared the DLTS andMCTS spectra
of a FZ sample with almost negligible [Oi] and [Cs] with the
spectra for Cz and CCz samples after hydrogenation. In the
FZ hydrogenated samples the H1 and H2 signals were not
detected [27], while for the Cz and CCz samples the signals
showed a proportional increase with Oi and Cs content in the
crystals. Secondly, the concentration depth profiles of the H1

and H2 traps are found to be similar to that for the
phosphorus-hydrogen complex formed in the hydrogenated
samples. This provides an evidence of the involvement of a
single hydrogen atom into the defects, which give rise to the
H1 and H2 traps. Finally, a good correlation has been found
between the intensity of the LVM band with its maximum at
1104 cm�1 observed in the infrared absorption spectra of
carbon and oxygen rich samples subjected to different heat-
treatments in the temperature range 550–700 8C and
magnitudes of the MCTS signals due to the H1/H2 traps
in similarly heat-treated neighboring samples, which were
hydrogenated and prepared for MCTS measurements [17].
The band at 1104 cm�1 is related to an LVM of the CO
complex [5, 6]. The results mentioned above give solid
evidence of the carbon-oxygen-hydrogen composition of
the complexes responsible for the H1/H2 traps.

With L-MCTS we have carried out direct measurements
of electron and hole capture cross-sections and hole emission
rates of the H1 and H2 traps. The details of the measurement
technique can be found in Ref. [27]. Capture cross-section
measurements of minority and majority carriers resulted
respectively in values of 9.8� 10�16 and 2.0� 10�17 cm2 for
H1, and of 7.9� 10�16 and 1.95� 10�17 cm2 for H2. The
defect levels obtained from the Arrhenius plots of T2-
corrected hole emission rates correspond to 0.38� 0.01 eV
and 0.36� 0.01 eV from the valence band for the H1 and H2

centers, respectively. These characteristics indicate that the
defects have an acceptor-like behavior and likely to be
powerful recombination centers in n-type material. Further-
more, it has been found that the H1/H2 traps anneal out in the
temperature range from 150 to 200 8C and their elimination
resulted in significant improvement of lifetime in silicon
wafers (see Refs. [17] and [27]).

4 Theoretical results
4.1 Carbon–hydrogen interactions Figure 2(a)

shows a substitutional carbon atom in Si with several Si
ligands. It also shows some sites (black dots) amongmany at
which we placed a hydrogen atom to investigate the relative
stability of CH complexes. In agreement with Andersen
et al. [12], we found that for all charge states investigated
(�, 0, and þ), H prefers to connect directly to the carbon
atom, close to site BC1. Other low-energy structures are

Figure 1 DLTS and MCTS spectra recorded on a sample from an
n-type Cz-Si wafer, which was etched in 1HF/7HNO3 solution for
2.5min. We used ee¼ 50 s�1, Ub¼�2V, and tp¼ 10ms in all
measurements and 940 nm LED pulses for the MCTS. The insert
shows the separation of the H1 and H2 emission signals in the
Laplace MCTS spectrum recorded at 190K.
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BC2 and AB(C). In the neutral charge state, their energies
are 0.51 and 0.64 eV above the BC1 ground state.

The formation of a short C–H bond is an important
stabilization factor for CHBC1, in spite of the fact that it also
leaves an unsaturated radical on the nearest Si atom. This
dangling bond creates a semi-occupied one-electron state
deep in the gap, making VOH an excellent marker to
calculate its electronic levels. Comparing ionization
energies and electron affinities of CHBC1 with the same
quantities from VOH we obtain donor and acceptor levels
for CHBC1 at Evþ 0.28 eV and Ec� 0.17 eV, respectively, at
most �0.05 eV away from the transitions observed at
Evþ 0.33 eV and Ec� 0.16 eV (labeled CHII) [12, 13].

Also in line with Ref. [12], we found that in the positive
and negative charge states the BC2 and AB(C) structures
are metastable by only 0.30 and 0.23 eV, respectively. The
former configuration comprises a Si-Hþ

BC-Si unit next to Cs,
and therefore it is expected to show donor activity in close
resemblance to that of isolated H in Si. Here, isolated
HBC should be a good marker. Accordingly, we obtain a
CHBC2(0/þ) transition at Ec� 0.24 eV, about 0.02 eV
deeper than the measured additional CH-related donor
reported in Ref. [12] and labeled CHI. It is relevant to note
that the calculated HBC2(0/þ) location is deeper than
CHBC1(�/0) and also deeper than isolated HBC(0/þ). This is
in excellent agreement with the relative locations of the CHI,
CHII and E30 DLTS signals [9, 11, 12]. We also found that
CHBC4(0/þ) (where H sits at the fourth neighboring BC-site
to the C atom) has a donor level at 0.22 eV below Ec, that is
closer but still deeper than HBC(0/þ) and also still below
HBC1(�/0).

Following the suggestion of Ref. [13], that a CHn

complex (with n> 1) could be responsible for a donor level
at Ec� 0.14 eV (labeled CHB), we actually investigated
that possibility for n¼ 2. We found that CH2 can adopt two
nearly degenerate configurations (within 30meV) similar
to that of H�

2 in Si, forming C-HBC1 � � �Si-HABðSiÞ and
HABðCÞ-C � � �HBC1-Si trigonal structures. The configuration
with both H atoms bound to the C atom is metastable by
0.6–1 eV (depending on the charge state). We also found
that the two lowest-energy structures are electrically inert,
and therefore, should the Ec� 0.14 eV level belong to a
CHn complex, our results indicate that n> 2, most likely
with one H atom located on a Si–Si bond.

4.2 Oxygen–hydrogen interactions Among the
oxygen-hydrogen complexes investigated, those obtained
after placing H next to interstitial O, as depicted in Fig. 2(b),
had the lowest energy.While OHBC is the ground state in the
positive charge state, OHAB was the most stable configura-
tion in the negative charge state. The neutral defect is more
stable with H at the BC-site (with OH0

AB being metastable by
0.23 eV only). We note that the H atom in OHBC adopts a
puckered configuration, making a Si-H-Si angle of 1368
after structural relaxation. This means that some of the
compressive strain, which is present in isolated Si-Hþ

BC-Si
and Si-O-Si defects along their 111 bond directions, is
released in OHþ

BC and that corresponds to a calculated
binding energy of 0.30 eV. The binding energy of atomic H�

to interstitial O (with OH�
AB as a reaction product) is

estimated as 0.47 eV after considering independent super-
cells with H�

T and Oi defects. Here, the negatively charged
hydride ion establishes an ionic bond with the oxidized
(positively charged) silicon atom that is connected to
oxygen. The above figures match the experimentally
determined binding energies of 0.29 and �0.5 eV for
defects which give rise to the E300 and AT00 signals [10, 11],
assigned to oxygen perturbed (0/þ) and (�/0) transitions of
bond-centered and tetrahedral hydrogen, respectively.

Further confirmation of the abovemodel comes from the
calculated electrical levels. In this case, isolated atomic H is
expected to do a good job as marker. Accordingly, we place
OHBC(0/þ) and OHT/BC(�/0) transitions at Ec� 0.16 eV
and Ec� 0.69 eV, respectively, in excellent agreement with
the measured E300 and AT00 signals with levels at Ec� 0.17
eV and Ec� 0.68 eV, respectively.

4.3 Carbon–oxygen–hydrogen complex In line
with Ref. [7], we found that in the ground state of the CO
complex, the O atom is located at the BC2-site with respect
to carbon (see Fig. 2(a)). COBC1 and COBC4 configurations
were metastable by 1.23 and 0.15 eV, respectively. The
binding energy of COBC2 (against formation of uncorrelated
substitutional carbon and interstitial oxygen impurities) was
found to be 0.51 eV. Inspection of the band structure
revealed a clean band gap and no electrical levels were
found.

The CO complex gives rise to three C-related LVM
absorption bands at 589, 640, and 690 cm�1, respectively
18 cm�1 below and 33 and 83 cm�1 above the unperturbed
Cs-related triplet mode at 607 cm�1. It also produces an O-
related band at 1104 cm�1, 32 cm�1 below the prominent
1136 cm�1 band from interstitial O [5, 6]. LVM frequency
calculations for the COBC2 model give C-modes at 557, 608,
and 663 cm�1 plus one O-mode at 1074 cm�1. The C-modes
are 18 cm�1 below and 34, and 88 cm�1 above the calculated
575 cm�1 mode of isolated carbon. Analogously, we find the
calculated O-mode frequency at 1074 cm�1, 20 cm�1 below
that of isolated O (calculated at 1094 cm�1). These figures
improve previous modeling results [7], account very well
for the observations, and provide undisputable evidence for
the correctness of the atomistic model.

Figure 2 Low-energy sites (black dots), for hydrogen next to (a)
substitutional carbon and (b) interstitial oxygen impurities. These
diagrams are only schematic, representing approximate structures
of defects obtained after atomic relaxation. C, O, and Si are
represented in gray, red, and white, respectively.
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For the interaction of H with CO, we found several low-
energy configurations, which differ on the defect charge
state. For a negatively charged COH (which should be stable
under equilibrium in n-type material) we found that the
structure shown in Fig. 3(a) and labeled COHAB, is
distinctly stable. Analogously to OH�

AB, the H� anion is
attached to the electron-depleted Si atom, which in this case
is further oxidized due to the bond with an electronegative C
atom.

For the neutral defect, we found the COHBC1

configuration shown in Fig. 3(b) to be the ground state.
COH0

AB is now metastable by 0.18 eV. The BC1 structure is
made of a CHBC1 defect perturbed by a nearby interstitial O
atom, so it is expected to show rather similar electronic
properties to CHBC1. Another low energy configuration was
COH0

BC2 (0.05 eV above the ground state), which is depicted
in Fig. 3(c).

Finally, for positively charged COH, the ground state
configuration is now COHBC2 (Fig. 3(c)), which resembles
an OHþ

BC complex stabilized by a nearby tensile Cs defect.
Another stable structure is COHþ

BC1 (0.08 eV above the BC2
ground state).

Now we proceed to the calculation of the electrical
levels of COH. On this report, we will focus on the acceptor
activity only. Accordingly, the relevant acceptor transitions
are COHAB(�/0), COHAB/BC1(�/0) and COHAB/BC2(�/0).
While the last two involve electronic states similar to that of
the HT/BC(�/0) marker, the COHAB(�/0) direct transition
finds no resemblance with either HT/BC(�/0) or VOH(�/0).
Conversely, the OHAB(�/0) transition (observed at Ec

� 0.79 eV [11]) should closely describe the COHAB(�/0)
level. Hence, we obtain indirect COHAB/BC1(�/0) and
COHAB/BC2(�/0) levels at Ec� 0.81 eV and Ec� 0.76 eV,
respectively, that is, Evþ 0.31 eV and Evþ 0.36 eV if we
consider 1.12 eV for the band gap of Si. We also find a direct
COHAB(�/0) at Ec� 0.80 eV.

Although all three calculated levels agree very well with
the location of the H1/H2 hole traps, we note that we have

two rather different mechanisms that could explain the
recombination activity. These are (i) a direct COHAB(�/0)
transition, or (ii) a mechanism involving indirect
COHAB/BC1(�/0) and COHAB/BC2(�/0) levels which imply
a structural change in the neutral charge state. A deeper
understanding of the above processes will involve the
calculation of the potential energy surface between the AB,
BC1, and BC2 configurations. We leave this for a future
report to be published elsewhere.

The structural distinction between the H1 and H2 traps
is also an open question. Until now, we have considered
the interactions between single C, O, and H species. It
is possible that one of these traps involves two O or H
atoms, and we intend to look at this problem in the near
future.

5 Conclusions We presented a joint theoretical and
experimental study of the interaction of H with carbon- and
oxygen-related defects in silicon. For convenience, we
summarize all calculated levels and experimental assign-
ments in Table 1.

We started by reporting on the interaction of H with a Cs

impurity, where based on the total energies and calculated
levels, we confirm the support from first-principles theory to
the assignment of CHII and CHI DLTS signals in Ref. 12 to
carbon-hydrogen defects with the H atom on the first- and
second-neighboring BC sites with respect to a Cs impurity,
respectively. We did not find any CH defect with two or less
H atoms, which could give rise to a donor transition above
HBC(0/þ). This suggests that the CHB level at Ec� 0.14 eV
reported in Ref. [13] could be related to a CHn complex
involving n> 2 hydrogen atoms.

The calculations support the interpretation of earlier
experimental work [11], according to which H can bind to
interstitial oxygen to from either OHþ or OH� with
negative-U ordering of the donor and acceptor levels. We
found that for the positive charge state H is nearly bond-
centered forming a Si-Hþ

BC-Si-Oi-Si zig-zag chain (like the
O-dimer in Si), while the negative defect adopts an anti-
bonding configuration that results in a nearly trigonal
H�

AB-Si-O-Si linear defect. The calculated binding energies
and electrical levels are in excellent agreement with the
observations.

Figure 3 Ground state structures for COH in the negative (a),
neutral (b), and positive (c) charge states. Si, C, O, and H atoms are
shown in white.

Table 1 Calculated (calc) and experimental (exp) electronic
levels of the defects investigated in this work. All values are given
in eV.

electronic level calc exp

Ec – CHBC1(�/0) 0.17 0.16 [12]
CHBC1(0/þ) – Ev 0.28 0.33 [12]
Ec – CHBC2(0/þ) 0.24 0.22 [12]
Ec – OHAB/BC(�/0) 0.69 0.68 [11]
Ec – OHBC(0/þ) 0.16 0.17 [10]
Ec – COHAB(�/0) 0.80
Ec – COHAB/BC1(�/0) 0.81
Ec – COHAB/BC2(�/0) 0.76
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We finally investigated the CO complex and its
interaction with H. We confirm that C and O atoms in
CO are bound to a common Si atom� no direct C–O bond is
established. The calculated local vibrational mode frequen-
cies for this complex account very well for all four bands
observed by infra-red absorption measurements.

The COH complex is predicted to adopt different
configurations in all three charge states that were
investigated (�, 0, and þ). In the negative charge state,
and particularly in n-type material, the complex takes the
form of an OH�

AB defect perturbed by a nearby Cs impurity,
being therefore referred to as COH�

AB. We suggest that this
structure, shown in Fig. 3(a), corresponds to the observed
hole-trapping center reported in Section 3. The neutral
charge state was found to have several virtually degenerate
configurations with the H atom either connected to the C
atom, or at a nearby BC site (see Fig. 3(b) and (c)). Several
calculated electrical levels are close to the observed H1/H2

traps, although further work is needed in order to understand
eventual defect transformations upon carrier trapping/
emission events.
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It has been recently suggested that oxygen-related bistable thermal double donors (BTDDs) are 

responsible for the reduction of minority carrier lifetime and conversion efficiency of novel 

amorphous-crystalline Si hetero-junction solar cells with their base formed from n-type 

Czochralski-grown (Cz) silicon (M. Tomassini et al., J. Appl. Phys. 119, 084508 (2016)). To test 

this hypothesis we have studied processes associated with carrier emission and capture by BTDDs 

in p+-n and Schottky barrier diodes on n-type Cz-Si materials with the use of junction capacitance 

techniques. By means of deep level transient spectroscopy we have detected electron emission 

signals from deep donor state of the BTDD-0 and BTDD-1 centers. The values of activation energy 

for electron emission (Eem) have been determined as 1.01 ± 0.01 and 0.91 ± 0.01 eV for the BTDD-

0 and BTDD-1 centers, respectively. Such high Eem values are very unusual for defects in Si. We 

have carried out measurements of electron capture kinetics and associated shallow donor – deep 

donor transformations for the BTDD-0 and BTDD-1 defects at different temperatures in the diodes 

with different doping levels. Energy barriers for the capture-transformation processes have been 

determined. It is argued that BTDDs are responsible for carrier trapping in n-type Cz-Si crystals 

but are not effective recombination centers. 

 

I. INTRODUCTION 

It has been known since the 1950’s that heat-treatments of oxygen-rich Si crystals in the 

temperature range 350-500 oC result in the formation of a family of defects with shallow donor 

levels.1,2 It has been further found that the defects are helium-like centers with the donor levels 



E(0/+) and E(+/+2) located in the energy ranges from 0.05 to 0.07 eV below the conduction band 

edge [Ec-(0.05-0.07) eV] and Ec-(0.12-0.16) eV, respectively.3-6 Strong evidence has been 

presented that the formation of the centers is associated with clustering of interstitial oxygen atoms 

upon heat-treatments.7-9  Therefore, the defects are usually referred to as oxygen-related thermal 

double donors (TDDs).8 The TDD defect family consists of up to 17 species (from-TDD-0 to TDD-

16) differing by the number of oxygen atoms incorporated.8,10,11 It is thought that oxygen atoms in 

TDDs are arranged in linear chains lying in <110> planes. Structural models of TDD species with 

some differences in details of positions and bonding of O and Si atoms and different explanations 

of the origin of their electrical activity have been proposed in ab initio modelling studies.12-14 

 
FIG. 1. Configuration coordinate diagram for the bistable thermal double donors in silicon. 

It has been found that three first species of the TDD family (TDD-0 to TDD-2) are bistable 

defects with negative-U properties.15-20 The bistable TDDs (BTDDs) can exist in two 

configurations with very different electronic properties: in one of the configurations, called A, the 

binding energy of an electron is rather high, i.e. the defect is a deep donor; while in another 

configuration, called B, it is a helium-like center with two shallow donor levels.15-20 Emission or 

capture of electrons or holes by the BTDDs in one of the configurations can trigger a transition of 

the defects to other configurations. Electronic properties of the BTDDs have been studied by a 

number of different experimental techniques and are relatively well understood.15-22 Figure 1 

shows a configuration coordinate diagram for the BTDDs defects which we have constructed from 
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published data and Table I presents energy parameters for all three species of the BTDD family, 

which were determined in previous works. 

Table I. Energy parameters (in eV) of bistable thermal double donors in silicon. The values given 
in brackets have been determined in the present work. 

	
Defect 

 
ΔEem 
	

 
ΔEc(+/0) 

	

 
ΔE(0/+) 
	

 
ΔEB(0/+) 
	

 
ΔE(+/+2) 
	

E(0/+2) = 
0.5[ΔE(0/+) 
+ ΔE(+/+2)] 

U = 
ΔE(0/+) – 
ΔE(+/+2) 

BTDD-0 
 

(1.01) 
0.28a 

(0.29) 
∼0.75a 

(0.72) 
0.073b 

 
0.164b 

 
~0.45a 

(0.44) 
~ -0.59a 

(-0.56) 

BTDD-1 
0.91a 

(0.91) 
0.43-0.45a 

(0.44) 
0.48a 

(0.47) 
0.069b 

 
0.156b 

 
0.32a,c 

(0.315) 
-0.32a 

(-0.315) 

BTDD-2 0.90a 0.59-0.60a 0.29a 0.067b 0.150b 0.22a,c -0.14a 

a Refs. 18, 19 and 20 
b Ref. 11 
c Refs. 16 and 17 
 

 The origin of the bistability and possible atomic configurations of the small oxygen clusters, 

which are associated with BTDDs, have been discussed in ab initio modelling studies.12-14 It should 

be noted, however, that practically all experimental information about the electronic properties of 

BTTDs have been obtained from observations of the defects in the shallow donor configuration. 

No signals from the deep donor configuration of BTDDs have been detected by spectroscopic 

techniques, such as electron spin resonance, deep level transient spectroscopy (DLTS), or infrared 

absorption spectroscopy. An exception is a weak infrared absorption line assigned to a local 

vibrational mode of the BTDD-1 and BTDD-2 centers in the deep donor state.23 

 The recent growing use of n-type Czochralski (Cz) silicon materials for photovoltaic (PV) 

applications (Refs. 24 and 25) has resulted in renewed interest in oxygen-related TDDs.26-30 These 

defects have been suggested to be responsible for the reduction of the lifetime of minority carriers 

and therefore conversion efficiency of Cz-Si based solar cells.26-30 Furthermore, it has been 

speculated in a recent study (Ref. 29) that BTTDs in the deep donor state are the effective 

recombination centers and  their presence can cause the reduction in conversion efficiency of novel 

amorphous-crystalline Si hetero-junction solar cells with the base from n-type Czochralski-grown 

silicon. On the other hand, it is known that the BTDDs are responsible for persistent 

photoconductivity in n-type Si crystals and can be considered as carrier trapping centers.15,18-20,27 



Existence of such trapping centers can result in some errors in measurements of minority carrier 

lifetime by photoconductance decay and quasi-steady-state photoconductance techniques.27,31 It is 

possible to take into account effects of the trapping centres on the minority carrier lifetime 

measurements but this requires information about the electronic characteristics of the centers. So 

a deeper understanding of electronic and recombination properties of BTDDs is required. 

 

II. EXPERIMENTAL DETAILS 

 

 We have used p+-n-n+ and Schottky barrier diodes on n-type Czochralski-grown Si 

materials to study the BTDD defects. P+-n-n+ diodes were formed by implantation and subsequent 

thermal activation of 60 keV boron ions (front side) and 60 keV phosphorus ions (back side) in 

the phosphorus-doped (ρ ≈ 5 Ω⋅cm) commercial electronic grade Cz-Si wafers. The area of the p+-

n-n+ diodes was 6 mm2 and the leakage current at 10 V reverse bias was about 10-6 A. 

Concentration of interstitial oxygen (Oi) in these diodes was estimated as (9 ± 1)×1017 cm-3 from 

the rates of capture of interstitial carbon atoms by the Oi atoms upon annealing of the diodes 

irradiated with alpha particles at 260 K.32,33  Schottky barrier diodes (1 mm in diameter) were 

prepared by thermal evaporation of gold through a shadow mask on samples from a few n-type 

Cz-Si crystals with initial resistivity from 0.7 to 5 Ω·cm. The oxygen concentration in the crystals 

was in the range from 7×1017 cm-3 to 1×1018 cm-3 and the carbon concentration was below 2×1016 

cm-3, as determined by infrared absorption at room temperature. Some of the samples have been 

treated in the temperature range from 350 to 450 oC to generate TDDs. The heat-treatments resulted 

in increases in shallow donor concentration and, therefore, capacitance of the diodes, however it 

did not result in significant changes of their leakage current and ideality factor.  

Current-voltage (I-V) and capacitance-voltage (C-V) measurements have been carried out in 

order to evaluate the quality of the diodes and to determine the uncompensated shallow donor 

concentration and width of the probed depletion regions. Deep level transient spectroscopy 

(DLTS) and high-resolution Laplace DLTS (L-DLTS) techniques have been used for the detection 

of electron emission from deep defect states.34 Measurements of changes in total capacitance of 

the diodes resulted from filling in the depletion regions with electrons have been used to monitor 

transformations of the BTDD defects from the shallow donor state to the deep donor state. 

 



III. EXPERIMENTAL RESULTS AND DISCUSSION 

	

FIG. 2. Conventional DLTS spectra recorded on p+-n-n+ diodes from 5 Ω⋅cm n-type Cz-Si material. The 
spectra with label 1 were recorded on an as-processed diode and the spectra with labels 2 to 5 correspond 
to an identical diode which was subjected to a heat-treatment at 350 oC for 10 hours. Measuring conditions 
are given in the figures. 
 
 Figure 2 shows conventional DLTS spectra in the temperature ranges 35-300 K and 300-435 

K for p+-n-n+ diodes fabricated on phosphorus-doped 5 Ω⋅cm Czochralski-grown silicon. The 

spectra were recorded for an as-processed diode and a diode subjected to a heat-treatment at 350 
oC for 10 hours. The heat-treatment resulted in an increase in uncompensated shallow donor 

concentration from (1.05 ± 0.1) ×	1015 cm-3 to (1.65 ± 0.1) ×	1015 cm-3.  It should be noted that all 

the spectra were recorded upon temperature scanning from low to high values. A small peak with 

its maximum at about 52 K (for an emission rate (eem) window of 50 s-1) occurs in the spectrum of 

the as-processed diode. The magnitude of this peak has increased significantly and its maximum 

has been shifted to about 46 K after the heat-treatment. It has been found that magnitude of the 

low-temperature peak depends on the cooling down conditions before DLTS measurements. In the 

spectrum recorded after cooling down with the applied reverse bias the magnitude of the peak is 

significantly higher than in the spectrum recorded after cooling down without bias [Fig. 2(a)]. A 

comparison of the DLTS spectra in Fig. 2(a) with those reported in the literature for heat-treated 

n-type Cz-Si samples (Refs. 21, 35, and 36) indicates that the low-temperature peak can be 

associated with electron emission from the second donor level of oxygen-related TDDs. Changes 
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in magnitude of the peak resulted from different cooling down conditions show that a part of the 

TDDs are the bistable TDDs species.21 Upon cooling down with the applied bias BTDDs can be 

frozen in the metastable shallow donor configuration and contribute to the electron emission signal 

at 46 K in the DLTS spectra, while after cooling down without bias some of BTDDs are in the 

minimum-energy deep donor configuration, electron emission from which does not occur at low 

temperatures.21 Qualitatively similar DLTS spectra have been recorded on other p+-n and Schottky 

barrier diodes subjected to heat-treatments in the temperature range 350-450 oC. 

 In the DLTS spectra recorded in the temperature range 300-435 K for the heat-treated Si diode, 

a previously unreported broad peak with its maximum at about 402 K (for eem = 10 s-1and filling 

pulse length (tp) of 200 ms) occurs [Fig. 2(b)]. The magnitude and position of this peak depend 

significantly on the tp value. Clear detection of the peak requires rather long filling pulses in the 

range of hundreds of milliseconds. Also, the magnitude of the peak decreases with the increase in 

emission rate window, so indicating a smaller electron population of the corresponding trap with 

increasing temperature. This peak has not been observed in the spectra of as-processed diodes 

without the 350 oC heat-treatment, therefore its appearance is caused by defects which form upon 

annealing.  

 The application of the high-resolution Laplace DLTS technique allows us to resolve two 

electron emission signals contributing to the broad peak in the conventional DLTS spectra. The L-

DLTS spectrum recorded at 435 K is shown in Fig. 3(a). The peaks in the L-DLTS spectrum are 

sharp, so indicating that electron emission signals are related to well-defined point defects.34 Figure 

3(b) shows Arrhenius plots of the T2-corrected emission rates for both traps. The values of 

activation energy for electron emission (Eem) have been determined as 0.91±0.01 eV and 1.01±0.01 

eV. Such high Eem values are very unusual for defects in silicon detected by DLTS. The obtained 

Eem values are close to those reported for electron emission from deep donor state of the BTDD 

species determined from photoconductance decay measurements on heat-treated n-type Cz-Si 

crystals.15,18-20 Thus it is reasonable to suggest that the observed emission signals are related to 

BTDDs. It should be noted here that the concentration of BTDDs, which are the main subject in 

this work, in all the samples studied has not exceeded 5% of the uncompensated shallow donor 

concentration, so the application of conventional methods of analysis of DLTS and L-DLTS 

signals due to these defects is justified. Further, it should be mentioned that Eem values determined 

from carrier emission measurements in charge space regions for defects with strong lattice 



relaxations can differ significantly from Eem values determined from monitoring charge state 

transitions under charge neutrality conditions.37  

 	 	

FIG. 3. (a) Laplace DLTS spectrum recorded at 435 K on a p+-n-n+ diode from 5 Ω⋅cm n-type Cz-Si 

material, which was subjected to a heat-treatment at 350 oC for 10 hours. Measurements conditions are 

given in the figure. (b) Arrhenius plots of T2-corrected electron emission rates measured with the use of 

Laplace DLTS technique for two electron traps, emission signals of which are shown in Fig. 3(a). 

   

 For further characterization of the traps responsible for the high-temperature electron emission 

signals we have carried out: a) measurements of electron population of the traps (which is 

proportional to the DLTS ΔC signal) upon changes in filling pulse length, i.e. the so-called direct 

capture cross section measurements and b) measurements of transitions of the traps from ionized 

shallow donor state to the filled deep donor state by monitoring changes in capacitance, C, of the 

reverse-biased diodes in the temperature range 230-320 K after application of long filling pulses. 

To observe the capacitance changes according to measurements b), the diodes were usually cooled 

down under applied reverse bias (RB) from a temperature above 400 K to a measurement 

temperature (Tm) and then subjected to the application of multiple long filling pulses with the pulse 

voltage close to 0 V, which was interrupted after certain periods of time for bias capacitance 

measurements. The RB cooling down step used to keep BTDDs in the shallow donor configuration 

can be replaced for p+-n junctions by the application of a forward bias pulse at Tm = 230-320 K. 
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The forward bias pulse results in injection of minority carriers (holes) into the probed region and 

deep-shallow transformation of BTDDs according to the following transition (Fig. 1): A0 + h+ + e- 

→ B+ + e-. 

	 	

FIG. 4. (a) Changes in magnitudes of the L-DLTS signals due to the BTDD-0 and BTDD-1 centers upon 
changes in the filling pulse length. L-DLTS measurements were carried at 420 K with the following 
measurement conditions: Ub = -11 V, Up = -4 V. The solid lines are calculated for mono-exponential growth 
process with least-square fitting values of ΔCmax and characteristic growth rates. (b) Changes in 
compensated diode capacitance (Cd – Cb) at Ub = -11 V and Tm = 280 K. The changes were induced by the 
application of multiple filling pulses with Up = -4 V. Further details of the measurement are described in 
the text. The solid line is calculated for a three-exponent decay process with least-square fitting values of 
ΔCn (n from 1 to 3) and characteristic decay rates. For the improvement of signal-to-noise ratio in these 
measurements we have used a backing off capacitor of Cb = 200 pF to compensate the capacitance of the 
diode studied (Cd). 
All the measurements were carried out on a p+-n-n+ diode from 5 Ω⋅cm n-type Cz-Si material, which was 
annealed at 350 oC for 10 hours. 
 
  Changes in the ΔC and C values according to the above a) and b) processes at 420 K and 280 

K, respectively, are shown in Fig. 4. The solid lines in Figs. 4(a) and 4(b) are calculated for mono-

exponential growth and multi-exponential decay processes with least-square fitting of exponent 

parameters. The fitting parameters were ΔC values and characteristic occupancy times/rates. It 

should be mentioned here that an analysis of the data shown in Figs. 4a) and 4b) indicates that the 

ΔC values for BTDD-1 differ significantly at 420 K and 280 K (ΔC420K = 0.215 pF and ΔC280K = 

2.4 pF, respectively). This difference can be explained by partial (about 10 %) filling of the BTDD-
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1 center with electrons in the high temperature (350-430 K) range, in which the Fermi level is 

below the E(0/+2) = Ec – 0.315 eV occupancy level of the defect.16 Usually DLTS and L-DLTS 

signals in diodes with the base from n-type semiconductors are recorded when Fermi level in bulk 

of the material is located higher than an energy level of a defect, so the defect level can be fully 

occupied with electrons upon filling pulse conditions. However, in the case of BTDDs the 

activation energies of electron emission from a deep donor state are very high, so, with the 

equipment, which we have used, the electron emission from the BTDD-1 defect can be observed 

only in the range of rather high temperatures, where in the samples studied EF ≤ E(0/+2). 

 In Figure 5 the temperature dependencies of the occupancy rates for both traps are plotted 

together with the electron emission rates. The values have been derived from an analysis of 

capacitance measurements described above on diodes from 5 Ohm⋅cm n-type Cz-Si, which were 

subjected to 10-hours heat-treatments at 350 oC and 425 oC.  

Occupancy kinetics for defects with negative-U properties and different structural models 

have been considered in Refs. 18, 19 and 37. There are some characteristic features in temperature 

dependencies of occupancy and emission rates for defects with U < 0, which indicate on details of 

their electronic structure. From an analysis of such characteristic features in the temperature 

dependencies of emission and occupancy rates presented in Fig. 5, and taking into account 

positions of the Fermi level at the measurement temperatures, some preliminary information about 

electronic and structural properties of the traps can be obtained. First, it is found that the capture 

rate for both traps is proportional to the squared concentration of free electrons when Fermi level 

is in the range Ec-0.26 eV < EF < Ec-0.18 eV. This finding clearly indicates negative-U properties 

of the traps studied.18,19,37  Further, the occupancy rates are nearly the same as the emission rates 

for the BTDD-1 traps when Fermi level is lower than Ec-0.36 eV. The rates do not depend on the 

free carrier concentration in this EF range. This observation indicates that most likely there are no 

singly positively charged state for BTDD-1 in configuration A.37 Both findings are consistent with 

structure and electronic properties of BTDDs and indicate that these defects give rise to the 

electron emission signals, which are observed in the conventional and Laplace DLTS spectra in 

the temperature range 320-435 K [Figs. 2(b) and 3(a)].  



  
FIG. 5. Arrhenius plots of electron occupancy (filled symbols) and emission (empty symbols) rates for the 
BTDD-0 (symbols 1, 3, and 5) and BTDD-1 (symbols 2, 4, and 6) traps, whose emission signals are shown 
in Figs. 2(b) and 3(a). The values have been derived from an analysis of capacitance measurements 
described above on diodes from 5 Ω⋅cm n-type Cz-Si, which were subjected to 10-hours heat-
treatments at 350 oC (symbols 1, 2, 5, and 6) and 425 oC (symbols 3 and 4). Solid lines were 
calculated with the use of Eqs. (1) and (2) and with A and B coefficients and energy values as 
fitting parameters. Fitting parameters are given in the graph. Concentrations of uncompensated 
shallow donors determined from C-V measurements were (1.65±0.1) × 1015 cm-3 and (2.75±0.1) × 
1015 cm-3 in the diodes subjected to heat-treatments at 350 oC and 425 oC, respectively. 

 Temperature dependencies of occupancy rates for defects with such electronic properties can 

be described by the following equations:18,19,37 
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	,                       (1) 

when EF < E(0/+2) and  
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when E(0/+2) < EF < E(+/+2). In these equations, Eem is the activation energy for electron emission 

from the neutral deep donor state, ΔE(0/+) and ΔE(+/+2) are the energy differences between the 

states with corresponding charges, ΔEc(+/0) is the energy barrier for transition from the positively 
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charged shallow donor state to the neutral deep donor state, and n is concentration of free electrons. 

The solid curves in Fig. 5 were calculated with the use of Eqs. (1) and (2) and with A and B 

coefficients and energy values as fitting parameters. The fitting parameters obtained are presented 

in Fig. 5 and the calculated energy values are given in Table I. The capture rate values for BTDD-

0 traps in the high temperature (400 K – 440 K) region deviate from the values obtained by 

extrapolation of low temperature capture data and electron emission data (solid lines calculated 

according to Eqs. 1 and 2). It was concluded in Refs. 18-20 that in these temperature region the B+ 

→ A0 transformation of BTDD-0 is related to a hole emission from the B+ state to the valence 

band. Because of limitations of our experimental set-up in relation to measurement temperature 

and filling pulse length and the relatively small concentration [(1.0-1.5)×1012 cm-3] of the BTDD-

0 traps we could not determine precise values of activation energy and power in electron 

concentration dependence for the hole emission process from the data obtained. 

 A comparison of the obtained data with those reported in studies of photo-conductance decays 

related to recharging of BTDDs allows us to assign the emission signal with  Eem = 1.01 ± 0.01 eV 

to BTTD-0 or the so-called α traps, and the emission signal with  Eem = 0.91 ± 0.01 eV to BTTD-

0 or the so-called β traps.15,18-20 Further, the values of energy barriers for transitions from the 

shallow donor state to deep donor state of the BTDD-0 and BTDD-1 defects, which have been 

derived from the analysis of the results presented in Fig. 5 and are given in Table I, are close to 

those obtained in Refs. 15 and 18-20 for the corresponding traps from photoconductance decay 

measurements on heat-treated n-type Cz-Si crystals. 

 

 

 

IV. CONCLUSION 

 

 It is reasonable to conclude from the analysis of the given data, that electron emission signals 

from the deep donor state of the BTDD-0 and BTDD-1 defects have been detected for the first 

time by means of the DLTS technique in the present work. By monitoring changes in magnitudes 

of the detected emission signals at different bias and temperature conditions in the diodes with 

different doping levels we have managed to obtain detailed information on electronic properties 

of the BTDD-0 and BTDD-1 centers. With the knowledge of electronic structure of the BTDD 



species it is possible to predict their effects on minority carrier lifetime in silicon crystals. The 

recombination of light- or forward-bias-injection-induced charge carriers through BTDDs in n-

type Si consists of the following processes (Fig. 1): i) capture of a hole by a BTDD defect in deep 

donor configuration and its relatively fast transformation into the shallow donor state (A0 + h+ + 

e- → B+ + e-);18,19 ii) capture of an electron by the defect in B configuration and its transformation 

to the initial deep donor A configuration (B+ + e- → A0). Results shown in Figs. 4 and 5 indicate 

that the rate of process ii) is not high in the temperature range of operation of solar cells around 

300 K, ~102 s-1 for BTTD-0 and ~10-1 s-1 for BTDD-1. According to the results presented in Refs. 

18 and 19, the rate of process ii) is even slower for the BTDD-2 defect. The B+ + e- → A0 process 

is slow because of the existence of relatively high energy barrier, ΔEc(+/0), for this transformation 

(Table 1). So, the whole cycle of the A → B → A transformations of a BTDD defect, which can 

be considered as a recombination event, is relatively long, in the range of hundreds of milliseconds 

even for the fastest cycle through the BTDD-0 center. So, it appears that the BTDD defects can be 

considered as minority carrier trapping centers in n-type Cz-Si crystals but not as effective 

recombination centers. So, the recent suggestion by Tomassini et al. (Ref. 29) that BTDDs in the 

deep donor state are responsible for the reduction of minority carrier lifetime and conversion 

efficiency of novel amorphous-crystalline Si hetero-junction solar cells with the base from n-type 

Czochralski-grown (Cz) silicon is not valid. 

 It is likely that in n-type Cz-Si crystals with a high concentration of TDDs and decreased 

resistivity, the Fermi level is shifted to the conduction band and because of this a significant part 

of the helium-like TDD species, which have the E(+/+2) level at about Ec-0.15 eV, are in the singly 

ionized state. These singly ionized centers can effectively capture holes and become doubly 

positively charged. The TDD centers in the +2 state are extremely effective traps for electrons, so 

rate of electron capture and the back transition to the singly ionized state is very high. Therefore 

in n-type Si crystals with a high concentration of TDDs these defects could serve as recombination 

centers in the shallow donor configuration. 
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Degradation of the conversion efficiency of solar cells made from boron-doped Czochralski-
grown (Cz) silicon during the first hours of operation under light (Light Induced Degradation – 
LID) has been a major problem for the photovoltaic industry for several decades. Solid 
arguments have been presented that the degradation is related to a defect containing boron and 
oxygen atoms, the oxygen being present in large concentrations in Cz Si. Even though many 
studies on the physical and chemical properties of this complex have been reported in literature, 
most of them are based on the indirect characterisation of its effects through minority carrier 
lifetime measurements, leading to some contradictory theories and wide-spread debates on the 
topic. Despite many previous attempts, no signals related to the LID defect have been detected 
by means of any spectroscopic characterization methods such as Deep Level Transient 
Spectroscopy (DLTS). In this paper, the observation of a previously unreported peak in the 
DLTS spectra of every B-doped Cz sample measured by us is presented. The peak has been 
found to be associated with the formation of a recombination centre which we believe to be a 
boron-oxygen related complex. The disappearance of the peak has been directly correlated with 
lifetime degradation in the Si crystals upon carrier injection and its reappearance upon thermal 
treatments with the material’s lifetime recovery, thus suggesting the corresponding defect is the 
BO-LID complex precursor. From the analysis of the capture and emission kinetics of holes by 
the defect its configuration-coordinate diagram has been constructed. It is argued that capture 
and emission of charge carriers by the defect result in changes in the atomic configurations of the 
complex. Electronic properties of the defect are very different in different atomic configurations. 
Depending on the position of the Fermi level (𝐸#),	 the defect can be either a deep donor or be in 
two configurations with shallow acceptor levels. It is suggested the light induced degradation of 
minority carrier lifetime in solar cells containing boron and oxygen atoms is associated with 
Auger type recombination of charge carriers through a BO complex with a shallow acceptor 
level. 

 

I. INTRODUCTION 
 

The use of boron doped silicon is essential to the silicon photovoltaics (PV) market which is 
currently >90% of new installations, in 2017 >30% of these installations were monocrystalline 
silicon cells, overwhelmingly grown by the Czochralski (Cz) technique. However, for over four 
decades it has been known that cells fabricated in this way are subject to minority carrier lifetime 
degradation, and hence efficiency loss, due to a process occurring in boron-doped Czochralski 
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silicon under illumination [1]. This process has become known in the PV community as Light-
Induced Degradation (LID). To the present time there have been over 1000 articles in the 
literature on LID, the effect which loses mankind many GW’s of generating capacity over the 
world. The LID term however was later found to be inaccurate for the process since it was not 
the injected photons causing the degradation, but rather the minority carriers presence in the 
material, as forward biasing of the PN junctions was found to cause the same process to occur 
[2]. Thus it has also been referred to as the Carrier-Induced Degradation (CID). Nevertheless, 
since LID is now a widely known term in literature we adopt it for this work.   

LID has been observed to reduce the cell relative efficiencies by up to 10% and up to 2% 
absolute efficiencies [1], [3], and consequently has been under investigation for a long time  [2]–
[6]. Si solar cell manufacturers are aware of the problem LID poses to the stability of their 
devices and some LID mitigation measures have already been studied and implemented in 
commercial panels. For instance, the LG Mono X Plus series has adapted the so called LiLY 
(LID-improvement for Lifetime Yield) Technology, which relies on hydrogen injection to their 
p-type Cz materials for LID reduction, as hydrogen has been reported to play an important role 
in the LID-defect deactivation [7]–[10].  Distinctively, however, other approaches to LID 
mitigation have been taken by the same manufacturers on their LG NeON 2 series and by the X-
Series from SunPower Corp., whereby their solar panel manufacturing process has been switched 
from having a p-type mono-crystalline (mc) Si base to an n-type base in order to avoid LID.  

Despite all the available literature on the topic, however, the mechanisms behind the LID in Cz 
silicon is still debated [11]–[13], as no evidence from direct measurements of the chemical nor 
physical properties of the LID-responsible defect other than lifetime spectroscopy has been 
reported so far [4]. However, strong evidence has been published that suggests that the LID-
responsible metastable defect(s) has its origin in the presence of boron and oxygen atoms [1], 
[14], [15] therefore it is usually regarded as the “BO-defect”. This is in spite of disagreement 
about the nature of the BO-defect in the available literature which will be discussed in Section III 
B. In the present work we argue on the basis of our latest observations and ab-initio calculations, 
the likelihood of the LID effect being caused by a single species of BO-defect, which has various 
configurations, and thus henceforth we will be referring to a single LID-responsible defect in this 
work.  

In this paper we discuss the key aspects related to LID available in literature and report recent 
observations of what appears to be a trap signal arising from the BO-defect precursor by means 
of DLTS. The signal has been characterised by the application of junction-based techniques and 
is found to act as an effective deep trapping center with an activation energy for hole emission 
(EeD) of 0.97 eV. The trap appearance has been observed to behave in the reverse way to what is 
expected from the LID-responsible defect i.e. its concentration decreases as the degradation 
increases and the annihilation-appearance process can be cycled indefinitely by the subsequent 
LID and 200 °C annealing recovery treatments. Therefore, the defect giving rise to the trap 
(H390) is proposed to be a precursor for the degradation induced recombination center similar to 
what has been defined as the “state A” of the BO-related complex in the BO-degradation model 
presented in Ref. [8] by Hallam et al. Furthermore, evidence of the transformation from the deep 
donor state to what appears to be two shallow acceptor states after carrier injection by either 
above-bandgap illumination or forward biasing (FB) is shown. Discussion of the possible 
structure of the LID-responsible complex is then presented by relating the obtained electrical 
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characteristics with ab-initio calculations, and the possible recombination mechanism giving rise 
to the degradation is proposed.  

 
II. EXPERIMENTAL DETAILS 

 

For this work a set of Cz grown and boron-doped Si wafers of 3 and 10 Ω⋅cm with [Oi] of (7-
9)×1017 cm-3 were used. Some of these were used to fabricate either n+p diodes of 2 mm × 2 mm 
and 3mm × 2mm, respectively, or processed to form 1 mm of diameter Schottky barrier diodes 
(SBDs). The n+p diodes were processed with the use of phosphorous diffusion in the front, and 
Al evaporation on both sides for electrode formation. The SBDs were formed by sputtering Ti 
through a shadow mask with circle openings on the front, and their Ohmic contacts created 
through Al thermal evaporation on the back surface. For Minority-Carrier Transient 
Spectroscopy (MCTS) measurements an un-metalized area on the back surface of the SBDs was 
left open, or a similar sized area etched from the back surface of the n+p diodes, this was to allow 
back face optical excitation from a 940 nm light emitting diode. Similarly, for the above-bandgap 
illumination procedure used for degradation when forward bias was not applied, a small 
metalized area on the n+p diodes’ top surface was protected by photoresist for contacting and the 
rest etched away to permit light penetration. Illumination was done by a halogen lamp of 500 W 
with the equivalent of ~1 sun intensity and ~65 °C sample temperature. Capacitance-voltage and 
current-voltage characteristic curves have been measured on each sample to test their quality and 
to acquire their uncompensated dopant concentration and profile. 

The samples were characterised by means of DLTS[16], MCTS[17], Laplace-DLTS 
(LDLTS)[18], Admittance Spectroscopy (AS) [19] and Reverse Recovery (RR) [20] 
measurements. The DLTS, MCTS and LDTLS techniques have been applied as outlined in 
previous publications and recent reviews [21]–[23]. For the AS technique the measurements for 
the detection of majority carrier traps were carried out in a vacuum chamber cooled by a closed-
cycled helium cryocooler (the same cryostat used for DLTS/MCTS measurements) by 
monitoring the change in conductance and capacitance when the n+p diodes were subjected to a 
frequency sweep from 100 Hz to 30 MHz at various fixed temperatures in the range 20 - 50K. In 
the case of the RR method used for effective carrier bulk lifetime (𝜏())) measurements, the n+p 
diodes were subjected to an abrupt change in applied bias, then by and monitoring the forward 
(𝐼)) and reverse (𝐼+) current behaviour through a series resistance at various reverse voltage 
values 𝜏()) was determined.  Noting that the condition 𝐼+ ≪ 	 𝐼) was always maintained to avoid 
the effect of the emitter recombination in the measurements [24]. 

 

III. FORMATION AND ELECTRONIC PROPERTIES OF THE BO-DEFECT 
PRECURSOR 

By means of DLTS measurements in the temperature range from 300 K to 430 K performed in 
all our n+p diodes made for this work from B-doped Cz-grown material, a signal arising from a 
deep state (H390) has for the first time been detected. This peak disappears upon minority carrier 
injection by either illumination or forward biasing for relatively long (hours) periods of time, and 
reappears upon heat-treatments at T > 130 °C. Figure 1 (a) shows the spectra taken from one of 



4	
	

the samples (S1) which was firstly annealed at 350 °C for 20 h on a hot plate, then subjected to 
forward biasing for 1200 min at 320 K, inside the temperature controlled DLTS kit, and 
subsequently annealed in the dark  at 430 K for 300 min. It can be seen that the signal originally 
appearing in the sample disappears after carrier injection and can be then restored after a short 
period of annealing treatment. Such cycles of annihilation-recovery can be repeated indefinitely 
following the behavioural characteristics of the LID process discussed in Section III A (i). 
Furthermore, measured spectra of a sister sample (S2) from the same wafer, which was annealed 
at 350 °C for 10 h and subsequently illuminated for 5, 20 and 70 accumulated hours, are shown 
in an inset in Figure 1 (a). The inset clearly shows a decrease in magnitude of the H390 trap in 
relationship to the photo-generated carrier injection time. In addition, we have found that there is 
an increase in defect concentration (NT) after annealing treatments in the temperature range 350 
– 425 °C, in which oxygen dimers are known to be mobile. These observations suggest that 
oxygen dimers are involved in the defect formation,  this agrees well with the BO2 model of the 
defect precursor proposed by Schmidt et al. in Ref. [25]. The peak maxima of the signal occurs at 
about 390 K in the spectra, when a filling pulse length (tp) of 200 ms and a rate window (eh) of 
10 s-1 is used. From a T2-corrected Arrhenius plot the hole emission activation energy EeD = 0.97 
± 0.01 eV has been determined. Emission signals with so high activation energy is rather 
difficult to observe in silicon by means of DLTS technique since its observation requires the 
application of unusual measurement conditions as the ones described in Figure 1 (a). We believe 
this to be the reason why other workers have not reported it previously.  

Fig.	1	Conventional	DLTS	and	forward-bias	pulsed	MCTS	spectra	recorded	from	n+p	diodes	made	from	
3	Ω·cm	B-doped	Cz	material.	(a)	High	temperature	range	DLTS	scan	of	a	sample	(S1)	after	20	h	anneal	
at	 350,	 then	 after	 1200	min	carrier	 injection	 and	 subsequent	 300	min	HT	 at	 430	K.	 Inset	 shows	 the	
DLTS	peak	evolution	before	and	after	accumulated	illuminated	time	from	a	sister	sample	(S2).	(b)	Low	
temperature	range	DLTS	and	MCTS	spectra	from	S1.	Measurement	conditions	are	given	in	the	figure.
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The relationship between the H390 deep level formation and the transformation characteristics of 
the BO-defect can be taken as an indication that the H390 trap arises from a BO-defect 
configuration which acts as a precursor of the recombination active BO-defect. Furthermore as is 
shown in Figure 1 (b), the conventional DLTS and MCTS spectra of the studied samples do not 
show any detectable changes in other observed emission signals after carrier injection and heat 
treatments. These results thus support the fact that there are no other sources of electrically-
active defects in the sample, and brings into question the claimed introduction upon illumination 
of BO-defect-related deep levels acting as recombination centres as reported by various authors 
(see e.g [5], [12], [26]). We have therefore characterised the H390 trap by a series of junction 
techniques measurements, firstly to study its capture kinetics and secondly to obtain stronger 
evidence of its relationship to the BO-related recombination defect.  

One of these techniques involved the measurements of the capacitance changes upon application 
of multiple subsequent filling pulses to the n+p diodes kept under reverse bias at a temperature of 
270 K. From these measurements the transformation of the H390 trap from a shallow acceptor 

Fig.	 2 Trap occupancy dependent capacitance changes due to BO-defect-related transformations. (S1) 
(Red dots) Changes in capacitance induced by multiple filling pulses due to transformations of shallow 
acceptor traps to deep donor traps in a n+p (10 Ω·cm) diode which was annealed at 430 K for 10 h.  
(Blue dots) capacitance monitoring with respect of accumulated filling pulse length of the same sample 
after FB injection for 60 h. A similar FB injection method was used for degradation as for those samples 
whose DLTS spectra are shown in Figure 1.  (S2) (Inset) C(fillacc-time) dependency progression after 15, 
30 and 45 h of accumulated carrier injection time. Measurement conditions: Ub= -10 V, Up = - 2 V and 
Tmeas = 270 K.	
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state to the deep donor state has been observed. Figure 2 shows the capacitance changes 
occurring in one of the samples which was subjected to a 430 K heat-treatment in dark for 10 h 
and subsequently cooled down under reverse bias to 270 K and then measured after various 
periods of accumulated filling pulses. The exponential decay of the capacitance displayed 
towards increasingly-accumulated filling pulse length indicates either a decrease in concentration 
of uncompensated shallow acceptors or an increase in concentration of compensating deep donor 
defects upon filling pulse exposure.  This phenomenon can also be explained by the 
transformation of shallow acceptor traps in the material into deep donor centers filled with holes 
and so reducing the diodes’ capacitance. Moreover, the magnitude of this transformation can be 
observed, in the same figure, to decrease upon prolonged carrier injection, leading to a 
capacitance saturation level after 60 hr of injection. 

 

 

The inset in Figure 3 shows the progression of the capacitance changes after 15, 30 and 45 h of 
accumulated FB-injection time measured from a qualitatively similar sample as in the main 
figure. Values of the trap concentrations in the measured samples are given in the figure. These 
are in the range of 1012-1013 cm-3. Note that similar values have determined in every measured 
sample after the heat-treatments at temperatures in the range between 350 and 425 °C.  Data 
from the degraded sample shown in Figure 2 thus demonstrate no capacitance changes upon 
exposure to the filling pulses, and also an increased capacitance value with respect to that of the 
non-degraded material, resulting from the BO-defect being in its deep donor configuration. 
However, it is important to point out that this transformation effect is only observed when the 
sample is cooled down to the measurement temperature under reverse bias, or when a short 
forward bias pulse at a temperature of 270 K is used, hence demonstrating changes in BO-defect 
configurations in dependence of the Fermi level position.   

Analysis of the results presented in Figure 2 can therefore be interpreted as a clear indication of 
the formation of shallow acceptor traps after degradation in p-type Cz-Si material, a case that has 
been largely overlooked despite some earlier observations of shallow level formation in degraded 
samples reported by Glunz et al. in Ref. [3]. Moreover, the observation of multiple minority 
carrier traps in p-type silicon even before carrier injection degradation has been reported as early 
as in 1955 by Hornbeck and Haynes in Ref. [27]. There, by means of photoconductivity 
measurements three well defined steps in the decay curves were attributed to the combination of 
multiple deep and shallow traps. Some of the deep traps, they suggested, acted as recombination 
centres in a rather fast process , while subsequent trapping from other deep and shallow traps 
manifested themselves as steps with slower rates in the photo-conductance decay curves. 
Furthermore, from their observations it was concluded that the concentration of the dominant 
trap was linearly proportional  to the boron concentration, similar to what has been observed to 
occur in LID affected samples [28], [29]. Furthermore, later in 2002 Schmidt et al. [30] also 
reported the observation of the effect of hole trapping in Oi rich B-doped Cz samples which they 
speculated could be related to the BO-defect, however the idea of an identical physical origin 
was discarded due to the large differences between the trapping center concentration and the 
light-induced recombination center concentration. All these results however point to the 
existence of trapping centers with concentrations in the order of 1012 to 1013 cm-3 which, in most 
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cases, should be observable by DLTS measurements, but nevertheless has not been reported until 
now.  

Temperature dependencies of the occupancy (𝜏-.) and emission (𝑒0) rates for the H390 trap in 
two n+p samples with 3 and 10 Ω ⋅ cm resistivity, respectively, are shown in Figure 3. The 
peculiar behaviour of the capture kinetics shown in Figure 2 and 3(a) indicates the amphoteric 
properties of the defect. On the one hand, Figure 2 shows that according to the changes in 
capacitance the majority-carrier flooding by bias pulses induce the transformation of an acceptor-
like trap to a deep donor trap as described in the previous section. On the other hand, the 
𝜏-.(1/𝑇) dependences shown in Figure 3(a) demonstrate changes in occupancy rates at low- and 
high- temperature regimes, i.e there is an apparent difference in slope values in the curves, this is 
a property commonly observed for defects with negative electron correlation energy (U<0 
centers) [31], however it does not account for the observed 𝜏-. > 𝑒0 characteristic also present 
in the plot. Furthermore, comparison of capture kinetics of Si crystals with different doping 
concentrations, NA3= 4 × 1015 and NA10= 1.2 × 1015, for the 3 and 10 Ω ⋅ cm materials, 
respectively, at the high-temperature end of the graph demonstrate an unusual relationship 
𝜏-.~1/𝑛 which cannot be predicted by common statistic models. It has been shown earlier that 
these features of 𝜏-.(1/𝑇)  dependencies can be perfectly described by the introduction of a 
metastable neutral charge state [32] as shown in the constructed configuration-coordinate 
diagram in Figure 3(b).  

 

Temperature dependencies of occupancy rates for defects with such electronic properties can 

hence be described by the following equations [31], [32]: 

			𝜏-. = 	 𝑒(8 = 𝐴 ∙ 𝑇..< ∙ 𝑝-. ∙ 𝑒𝑥𝑝 −𝐸𝑒𝑚 + 0 𝑘𝑇 = 

= 𝐴 ∙ 𝑇..< ∙ 𝑝-. ∙ 𝑒𝑥𝑝 − DEF G H 	G	∆DJ-	∆DKL(H/G)
MN

	,        (1) 

when EF < E(-/+) and  

	𝜏-. = 𝐵 ∙ 𝑇-..< ∙ 𝑝 ∙ 𝑒𝑥𝑝 − ∆DK∗

MN
= 𝐵 ∙ 𝑇-..< ∙ 𝑝 ∙ 𝑒𝑥𝑝 − 	∆DQ	-	∆D H -

MN
,	        (2) 

when E(-/+) < EF < E(0/-) and with E(-/+) = ½[E(+/0) + E(0/-)]. In these equations, 𝐸(R is the 
activation energy for transition from the positively charged deep donor state (D+) to the 
minimum energy neutral state (H0), ΔE(+/0) and ΔE(0/-) are the energy differences between the 
states with corresponding charges, ΔEcX(0/+) is the energy barrier for transition from the neutral 
X state to the positively charged deep donor state, ΔE1 and ΔE2 are energy barriers for transition 
between the neutral X and H states, and p is concentration of free electrons. The solid curves in 
Figure 3 were calculated with the use of Eqs. (1) and (2) and with A and B coefficients and 
energy values as fitting parameters. The obtained fitting parameters and the calculated energy 
values given in Table I. 
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Parameters ΔEem 
 

 
EeD(+/0) 

 

 
ΔE2 

 
E(0/-) 

E(0/+) = ΔEem 

- ΔE2 

𝑨𝟑 = 𝟏. 𝟐𝒙𝟏𝟎𝟏𝟑𝒔-𝟏𝒌-𝟐			 
𝑩𝟑 = 𝟔. 𝟖𝒙𝟏𝟎𝟏𝟑𝑲𝒔-𝟏𝒄𝒎𝟔 
	𝒑𝟑 = 𝟑. 𝟗𝟓𝒙𝟏𝟎𝟏𝟓															 

			 
𝑨𝟏𝟎 = 𝟒. 𝟗𝒙𝟏𝟎𝟏𝟑𝒔-𝟏𝒌-𝟐					 
𝑩𝟏𝟎 = 𝟕. 𝟎𝒙𝟏𝟎𝟏𝟑𝑲𝒔-𝟏𝒄𝒎𝟔 
				𝒑𝟏𝟎 = 𝟏. 𝟐𝟐𝒙𝟏𝟎𝟏𝟓																								  

1.24 eV 
0.968 

(±0.0015) 
eV 

0.67 eV ~0.04 eV 0.57 eV 

 

 

A. NEW DEFECT MODEL FOR THE BO-RELATED DEFECT IN P-TYPE CZ SILICON 

 

i. Defect transformations observed by effective lifetime measurements 
 

Table	 I.	Fitting parameters and determined energy values of the metastable BO-defect in p-
type silicon. 	

Fig.3	(a)	Arrhenius plots of electron occupancy and emission rates for the H390 trap from two (3 and 
10 Ω ⋅ cm) integral n+p diodes which were annealed at 425 °C for 600 min. Measurement 
conditions are given in the figure. Solid lines were calculated with the use of Eqs. (1) and (2) 
with the parameters given in Table I. (b) Configuration coordinate diagram for the metastable BO-
defect in silicon.	

	(a)																																																																																						(b)	
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Even though there are many uncertainties with respect the physical mechanisms leading to the 
LID in Cz Si some well identified characteristics on the behaviour of the LID process have been 
studied (see e.g [5], [8]), behaviours that have been summarised in the form of a four state model 
[8] as shown in Figure 5. These characteristics include the substantial reduction of minority 
carrier lifetimes in B-doped Cz materials upon carrier injection [1], which is believed to be 
related to transformations of the BO-defect from its inactive state D to its recombination active 
state B through the firstly appearing state A. This lifetime decay has been observed to occur in 
two subsequent phases with distinguishable time constants [33], [34], recently linked to the 
transformations A→B (fast) and D→A→B (slow) [12], [35], together with the observation of the 
full recovery of the material’s initial lifetime after 200 °C heat-treatments under dark conditions. 
Such heat-treatment process in dark is now known as the “annihilation” process [1], [15], and 
whose length of application to the material has been shown to influence the lifetime decay time 
constants attributed to the transformation rates 𝑅h→i and 𝑅R→h→i [12]. Nevertheless, the 
annihilation process results in a just temporary lifetime restoration, since subsequent carrier 
injection is observed to lead to the reduction of minority carrier lifetime repeatedly and 
indefinitely. To date there is only one reported process (“regeneration”) which leads to a more 
stable state of the BO-defect (i.e. the transformation to the “passivated” state C), which was 
introduced by Herguth et al. [36], [37] in 2006, and involves the exposure of the degraded 
material to above-bandgap illumination or carrier injection at temperatures between 70 and 
230°C [37], [38]. This process, however, has been further studied and developed leading  to a 
more recent, and rather unexpected, findings which show that high intensity and higher 
temperature treatments (250-300 °C) result in a degradation rate increase [28]. Interestingly, the 
accelerated degradation has been shown to be of critical importance when trying to mitigate, or 
at least stabilise, the effects of the BO-defect, since the regeneration process appears only to be 
effective when the defect is on its B state [39]. Thus, by accelerating the degradation process an 
subsequently perform illuminated-annealing, some more industrially feasible processes can be 
implemented [9].  

So, in accordance to these well documented transition behaviours in boron-doped Cz material 
attributed to the BO-defect, we have studied the observed DLTS peak shown in Fig. 1 to 
determine its relationship to the defect. The first evidence of such a relationship was presented in 
Fig. 1, where a clear correlation of the appearance and disappearance of the H390 trap to the 
annealed and degraded state of the BO-related complex is observed. In addition, we have carried 

Fig.	5	BO-defect	transformation	schematic	
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out measurements of the effective lifetime (𝜏())) by means of the RR method, and found a 
remarkable correlation between the formation and disappearance rates of the DLTS peak and the 
BO-defect annihilation and creation rates, respectively. From direct measurements of 𝜏()) from a 
set of n+p diodes made from Cz p-Si and annealed at 350 °C for 10 h, and measurements of the 
changes in concentration of the H390 trap in the same samples we have obtained the data 
presented in Figure 5. The changes in the trap concentration were monitored by measurements of 
changes in magnitude (∆𝐶) of the H390 peak in conventional DLTS spectra. Changes in 𝜏()) and 
∆𝐶 were monitored after several hours of accumulated time of carrier injection for degradation, 
and subsequent accumulated annealing time at 430 K. Figure 6 (a) shows the normalised 
effective defect concentration (N*

T) decay as calculated by 1/𝜏()) 𝑡 − 1/𝜏())lmn and the ∆𝐶 
decrease resulting from the carrier injection at 320 K. Figure 6 (b) on the other hand shows the 
exponential increase in ΔC related to the increase in the  H390 trap concentration upon subsequent 
430 K annealing together with the exponentially decreasing N*

T. Exponential fitting of the data 
resulted in time constant values of 25 ± 0.5 min for both, N*

T and ∆𝐶, measurements of the 
degradation kinetics, and 19 ± 0.5 min for the recovery, which demonstrate the almost perfect 
agreement between the changes in magnitude of the DLTS signal and the lifetime degradation in 
the sample. We have observed an increase in degradation rate when higher levels of excess 
carrier injection and temperatures are used, this in line with the observations reported by Hamer 
et al. [28] of LID affected samples. Furthermore, it is worth noting that full recovery of the initial 
DLTS signal and effective lifetime was found attainable by either maintaining the sample in dark 

conditions under reverse or zero bias. It is thus reasonable to argue after those observations that 
no minority carriers are required for the back transformation from the recombination-active state 
B to the recombination-inactive states D/A. With respect to the “passivated” state C however, we 
have tried the illuminated-annealing process at a temperature of 200 °C and direct halogen lamp 

Fig.	6 Normalised effective defect concentration (N*
T) and ΔC changes as a function of accumulated 

time under: (a) Forward biasing (+ 2.0 V) at 340 K, and (b) 430 K annealing in dark. Measurement 
temperatures are given in the figure. All measurements were recorded from an n+p diode made from 3 
Ω·cm B-doped Cz material. 	
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exposure, and also 430 K dark annealing under applied FB (+2 V) for periods up to 120 h and 60 
h, respectively, yet no “passivated” state was achieved. Such behaviour could be explained by 
the almost non-existent levels of atomistic hydrogen in the samples, nevertheless, further 
investigations (e.g. longer 

injection periods) are required for a definite answer to these observations. 

 

ii.  Evidence of shallow acceptor level introduction upon carrier injection  
 

In order to investigate the proposed shallow acceptor formation in our samples, we have carried 
out capacitance and conductance measurements from various n+p diodes before and after 
prolonged FB injection by means of AS. Figure 7 shows the measured data of one of the samples 
of resistivity 10 Ω·cm at various fixed temperatures in the range from 20K to 50 K, which was 
annealed for 10 h at 410 K and then FB injected (+2 V) for 60 h. Each temperature scan was 
measured 5 times and averaged to increase the signal-to-noise ratio, and temperatures below 30 
K were able to be kept at the set temperature with an error ≤ 1 mK in the apparatus used. 

From the measured data we were able to distinguish a small but very clear shift of the angular 
frequency maxima (𝜔8qr) towards higher frequencies on the degraded sample on both, 𝐺/
𝜔	(Figure	7(a))		and		𝜔𝐶/𝜔	(Figure	7(b))	, spectra. It should be mentioned that there was an 
unexpected tail observed at the low frequency end of the conductance spectra (see Fig. 7(a)) 
which never led to a peak formation, therefore we attribute this tail to a measurement artefact. 
Measurements of the 𝜔𝐶/𝜔		spectra shown in Figure 7(b) also display an increase in capacitance 
of the samples after degradation as observed by the accumulated-filling-pulse technique shown 
in Figure 2. Temperature dependencies of the ln	(𝜔8qr) from the 𝜔𝐶/𝜔(𝜔) spectra were fitted 
to a line and resulted in activation energies of the annealed (𝐸q��) and degraded (𝐸�(�) states 
equal to 44.6 ± 0.001  and 43.6 ± 0.001 meV, respectively. Moreover, from simple arithmetic 
subtraction of the annealed from the degraded spectra we have observed the appearance of two 
peaks, H1 and H2. The subtraction is shown in Figure 8, which includes a magnified image of the 
spectra in the range 20-26 K, as an inset, where H2 can be observed. The activation energy of the 
dominant peak was determined from an Arrhenius plot and resulted in a value of 𝐸�. = 42.5	 ±
0.001	meV. 

Unfortunately, the activation energy of the second peak could not be determined due to its 
disappearance at > 26 K temperatures in the fast frequency range. All these activation energies 
appear to be very close to the acceptor level introduced by substitutional boron atoms as was 
expected to be the case for the introduced shallow acceptor from the BO-defect and shown in 
Table I. However even though these results suggest that a shallow level formation occurs in the 
material after degradation, the resolution of the AS technique did not allow a full characterisation 
of the defect. Therefore, further studies, perhaps with alternative techniques, are required. 
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Fig.	7 Admittance spectroscopy data measured in the range 20 – 50 K from an n+p diode made from 
10 Ω·cm B-doped Cz material which was annealed in dark at 410K for 10 h (red line) and degraded 
by FB injection for 60 h (blue line). (a) Conductance spectra. (b) Capacitance spectra. Measurement 
conditions: Vosc = 0.05 V, Freq. range: 100 Hz – 10 MHz. 	

Fig.	 8 Admittance spectroscopy data obtained by the difference between the data shown in blue on 
Figure 7 (b) (annealed state) minus the data in red on the same figure (degraded state).  The apparent 
formation of two distinct peaks is shown in the inset magnification of the data in the range 20 - 26 K.	



13	
	

 

iii. Proposed atomic structure of the BO2 defect 
 

The experimental results obtained by us and available literature results strongly indicate that the 
LID effect is associated with a defect incorporating one boron and two oxygen atoms. With the 
use of first-principles density functional calculations minimum-energy atomic configurations of 
the BO2 defect in different charge states have been found and configuration-coordinate diagram 
of the center has been constructed.  Figure 8 show the results of the calculations. The results are 
consistent with the experimental findings. It is found that the minimum-energy configuration of 
the BO2 defect in the singly positively charge state consists of the oxygen dimer in the so called 
squared configuration in a <110> crystal plane with a boron attached to a silicon atom which is 
connected to both oxygen atom. For the BO2 defect in neutral and singly negatively charges 
states there are two minimum energy configurations with oxygen atoms in two staggered forms 
and with approximately the same location of the boron atom. The ground-state structure of the 
defect in p-type Si is “sq+”. In this configuration the defect can emit hole or capture an injection 
induced electron and transform to the “sq0 + h+” state. This state, however, is metastable and a 
fast transition to the “st’0 + h+” state occurs. 

The ionization energy of hole in the “st’0” state is very small, so the defect does not stay long in 
this state and go to the “st’- + 2h+” state by emitting a hole. So, these are transitions between the 
“sq+” and “st’- + 2h+” states which are responsible for the experimentally observed H390 hole 
emission signal and the capacitance transients presented in Fig. 2. The release of energy upon 
transition from the “st’- + 2h+” state to the “sq+” state can promote a transition of the BO2 defect 
from the “sq0 + h+” state to the “st0 + h+” and then to the “st- + 2h+” state, which is likely to be 
the recombination active LID state. The back transition from the “st- + 2h+” state to the “sq+” 
state occurs through a relatively high energy barrier between the “st0 + h+” and “sq0 + h+” states, 

Fig.	 9 Structure of the metastable LID-responsible defect in p-type silicon in its minimum energy 
configurations together with their configuration-coordinate diagram. Oxygen and boron are coloured in 
red and green, respectively. The configurational coordinate diagram curves are schematic and only the 
minima and saddle point energies were calculated by first-principles. e- and h+ represent free electrons 
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so it can occur only at a relatively high temperature, in the range of T for experimentally 
observed “LID annihilation” process. Regarding the recombination activity of the BO2 defect in 
the “st-” configuration it can be suggested that this activity is related to the Auger type 
recombination through the shallow acceptor state [40,41].   

 

 

IV. CONCLUSIONS 

 

By means of various junction capacitance techniques we have studied several n+p and Schottky 
barrier diodes made from B-doped Cz silicon which we have observed suffers from light induced 
degradation. In the DLTS spectra of every measured sample we have detected a peak with its 
maximum at about 390 K. The magnitude of the peak has been observed to increase upon long 
heat-treatments in the temperature range 350 – 425 °C. Observation of this peak requires the 
utilisation of rather unusual measurement conditions and therefore it has not been previously 
reported. We have found a direct correlation between the appearance of this peak and the LID 
process reported extensively in literature yet never-before observed by direct spectroscopic 
characterization techniques. Since the peak’s magnitude has been found to decrease after carrier 
injection and to re-appear after  heat-treatments  > 130 °C, we attribute the signal to arise from 
the BO-defect in its recombination-inactive (i.e precursor) state. Furthermore, from the 
monitored changes in capacitance at various multiple-filling-pulse lengths in every measured n+p 
diode after 350 – 425 °C heat-treatments strong evidence of deep donor to shallow acceptor 
transformations was obtained.  

Furthermore, from Arrhenius plots distinct occupancy rates at low- and high- temperature 
regimes were apparent. These features, in addition to an unusual 𝜏-.~1/𝑛  dependency at the 
high-temperature regime, was only possible to describe by the introduction of a metastable 
neutral charge state. Hence, from the close analysis of temperature dependencies of hole 
emission and capture rates for, what we argue is, the BO-related center its electronic structure 
and energy barriers have been determined and a configuration-coordinate diagram of the defect 
has been constructed. In addition, from first principles density functional calculations an 
atomistic structure of the defect is presented. It is argued that the LID-responsible defect is 
formed by an interstitial B-atom and an oxygen dimer which in its latent state introduce a deep 
donor level in the gap which acts as an effective trapping center. This defect is metastable and 
thus after small FB injection at < 270 K temperatures or when the crystal is cooled down from > 
390 K temperatures under reverse bias transforms to produce a shallow acceptor level, which 
also acts a trapping center in the material. An additional transformation occurs, however, when 
the crystal is subjected to prolonged-time FB injection or illumination. This later transformation 
results in the introduction of another shallow acceptor level of activation energy close to that of 
the B-atom, which is recombination-active and produces the material lifetime degradation. To 
our knowledge, the single other publication reporting observations of shallow trap formation 
after carrier injection in p-type Cz-Si has been that from Glunz et al. [3] in 2001. However there, 
the authors attributed this trap to the BO-related defect on its passive state and to be responsible 
for only weak recombination activity. In this work, we attribute the shallow acceptor level 
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introduced after carrier injection to be the source of the substantial lifetime decrease in the 
material as described by the trap-assisted Auger recombination process.  
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CHAPTER 5

NEW MATERIALS FOR SURFACE

PASSIVATION: GRAPHENE OXIDE

Graphite oxide monolayer, also known as graphene oxide (GO), is a carbon based ma-
terial whose properties have been investigated since its discovery and first fabrication
which can be traced back to over a hundred years ago [174]. Moreover, GO attention
has boosted after the successful isolation and characterization of monolayer graphite
(graphene) in 2004 by professors Andre Geim and Kostya Novoselov [175] due to
its outstanding properties. This is because it has been demonstrated that GO chemi-
cal/thermal reduction (oxygen-group removal) is a feasible approach to graphene mass
production even more so because it can be easily dispersed in water. Nevertheless, GO
itself is known for a variety of remarkable characteristics. In this chapter we will begin
presenting a review on GO’s general structure and properties giving emphasis on those
related to optics and electronics. The review will be followed by the latest results on
the surface passivation ability of GO and the responsible mechanism for the passiva-
tion in the form of a published article (Publication No. 6). It is demonstrated that the
intrinsic properties of GO serve as a potential cheap alternative for silicon surface pas-
sivation capable of achieving surface recombination velocities as low as 14.4 cm−1.
Furthermore, by means of a series of experimental techniques such as FTIR, Kelvin
probe force microscopy (KPFM) and microwave photo-conductance decay (µPCD) it
is argued that the primary source of the passivation is related to the GO’s negative
charge. This charge thus allows the formation of a negative field potential that pen-
etrates the silicon surface repelling negative charges and reducing recombination (i.e
surface field passivation).

In general thin film dielectrics are a very active research area [4, 87, 176, 177], this
is because besides the required low surface recombination velocities for high efficiency
cells it is also needed to achieve lower manufacturing costs. Even though extremely
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low recombination velocities have already been achieved through the application of
various techniques, the later requirement has not been met, because most of the applied
materials require high temperature treatments for dielectric growth and/or activation,
and/or involve expensive and slow deposition procedures i.e plasma-enhanced chemi-
cal vapour deposition (PECVD) or atomic layer deposition (ALD) [4, 47, 87, 176, 177].
This is why it is technologically relevant to continue to explore new passivation mate-
rials which may allows us to meet the current industrial demands.

5.1 Graphene oxide optical and electrical proper-
ties

As previously stated, GO consists of a single layer of graphite which is covered
with oxygen groups on its basal plane and edges. Even though there is still a debate on
the actual structure of GO the most popular models are: the Hofmann and Holst model
(1939) [178], the Ruess model (1947) [179], the Scholz and Boehm model (1969)
[180], the Lerf-Klinowski model (1997) [181, 182, 183], the Nakajima model (1988)
[184, 185] and the Szabó model (2006) [186]. Figure 5.1. depicts the proposed struc-
tures of each model. As can be seen from the figure, GO has a similar structure to
graphite with single layers of carbon atoms distributed in a honeycomb lattice. How-
ever an important distinction is that the addition of oxygen groups give rise to a larger
d-spacing of ∼ 0.83 nm compared to graphite’s ∼ 0.34 nm d-spacing [187].

Graphene oxide is generally regarded as an insulating material. With typical resis-
tance sheet values of ∼ 1010Ω sq−1 or higher due to large quantity of sp3 hybridized
carbons bonded with the oxygen functional groups [188]. However, sheet resistance
and thus the conductivity of GO are highly dependant on annealing time and temper-
ature. In fact, a dramatic change in GO’s resistance from ∼ 1011 to ∼ 105Ω sq−1

after annealing at 200 ◦C in nitrogen (or vacuum) is reported in [188]. This is be-
cause increased temperature disassociates the oxygen functional groups, which lead
to the widely used thermal reduction of GO for graphene production. Nevertheless,
such behaviour of GO under changing thermal conditions has an exponential nature
and reaches its saturation value at certain time and temperature [188].

Also dependent on the functional groups, GO exhibit a fixed negative charge on
the surface due to the presence of negatively charged oxygen layers laying above and
below the carbon grid [183]. In addition, it has been reported that an increased pH
level results in an increased concentration of carboxylic acid (-COOH) and hydroxyl
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(a) Hofmann [178]. (b) Ruess [179].

(c) Scholz - Boehm [180]. (d) Lerf - Klinowski [183].

5

(e) Nakajima - Matsuo [174] (f) Szabó [186].

Figure 5.1: Graphene oxide model sketches.
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(-OH) ionised groups [189]. This implies that an enhanced negative surface charge can
be obtained by a more alkaline GO dispersion.

Several applications of GO on Si have already been reported. A common practice
is to use the simple spin coating technique for deposition and posterior drying on a hot
plate. Even though most of the water can be evaporated by this procedure in reality
there is always a portion of water molecules between the GO layers, even after thermal
reduction [190, 191]. This moisture can affect the optical properties of GO to some
extent. Nevertheless, a refractive index ≥ 1.7 and up to ≈ 1.99 has been reported
[192, 193].

Other optical property of GO is its transmittance. GO monolayer displays high
transmittance in the visible spectrum [194]. Zhu et al. [195] show that GO suspen-
sions of 0.5 mg/ml have an optical transmittance of 96 % at λ = 550 nm. In addition,
GO’s optical transmittance is highly tuneable by changes in oxidation degree and thick-
ness of the deposited material. Becerril et al. [8] published the study of the effect of
thickness of GO on its transmittance, demonstrating a direct relationship as depicted
in Figure 5.1 (a). Moreover, Mattevi et al. [9] show that there is a decrease in trans-
mittance with increased chemical reduction time, while the temperature did not show
major changes in transmittance after 24 hours reduction time, due to the reached sat-
uration (see fig. 5.1 (b) (full dots)). In contrast the dramatic change on transmittance
of non-reduced GO is clearly observed in Figure 5.1 (b) (empty dots) with increased
temperature. In the inverse case of transmittance, the absorbance spectra of GO in
the UV-visible range has shown a red shift with increased chemical reduction time as
depicted in 5.1 (c).

Graphene oxide displays a range of adjustable characteristics that makes it an ap-
pealing material for diverse optical applications. Therefore it is investigated here for
potential applications as a surface and/or emitter passivation layer, anti-reflection coat-
ing and replacement for aluminium backsurface field for silicon based solar cells. In
the next section, results specifically on the application of GO as surface passivation
material and the mechanisms that allow it are presented in the form of a published
article.
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Figure 5.2: a) GO optical transmittance as a function of wavelength and GO film
thickness adapted from [8]. b) Three layer GO film optical transmittance as a function
of reduction time and temperature adapted from [9]. c) UV-vis absorption spectra of
GO as a function of reduction reaction time (chemical reduction N2H4) adapted from
[10].
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In recent years it has been shown that graphene oxide (GO) can be used to passivate silicon surfaces resulting in
increased photocurrents in metal-insulator-semiconductor (MIS) tunneling diodes, and in improved efficiencies
in Schottky-barrier solar cells with either metal or graphene barriers, however, the source of this passivation is
still unclear. The suggested mechanisms responsible for the enhanced device performance include the dangling
bond saturation at the surface by the diverse functional groups decorating the GO sheets which reduce the
recombination sites, or field effect passivation produced by intrinsic negative surface charge of GO. In this work
through a series of measurements of minority carrier lifetime with the microwave photo-conductance decay
(µPCD) technique, infrared absorption spectra, and surface potential with Kelvin probe force microscopy (KPFM)
we show that there is no evidence of significant chemical passivation coming from the GO films but rather
negative field effect passivation. We also discuss the stability of GO's passivation and the flexibility of this
material for its application as temporary passivation layer for bulk lifetime measurements, or as a potential
cheap alternative to current passivation materials used in solar cell fabrication.

1. Introduction

It is well known that one of the most effective approaches to im-
prove the efficiency of silicon-based solar cells, whilst maintaining low
cost, is to increase the lifetime of photo-generated carriers by reducing
recombination at the surface and in the bulk of low cost materials [1].
Therefore the study of new materials which may suppress surface re-
combination in such materials is important both because they may
promote a minority carrier lifetime improvement in commercial solar
cells but also, in the laboratory, they may allow more accurate mea-
surements of silicon's bulk lifetime. For these reasons such new mate-
rials remain a topic of widespread interest [2–4].

Generally, for surface passivation materials we need to consider
three material property aspects: the characteristics of the material to be
passivated (doping type and resistivity); the physical properties of the
passivating materials (optical, chemical and electrical), to determine
the type of passivation that the material will provide including bond
saturation, the field effect control of carriers, refractive index, and
stability; and processing requirements like surface cleaning and synth-
esis methods. With this in mind, in this work we have studied the
passivation capabilities of graphene oxide which we know fulfils some

key requirements for surface passivation including: high transmittance
[5], fixed surface negative charge [6,7] and high refractive index [8,9].
This is all combined with the fact that GO is water dispersible making
its deposition and removal extremely simple. Most common GO de-
position techniques include: dip coating, spin coating, and spray
coating, techniques which can be easily incorporated to a production
line. In addition, it has been recently shown that for a GO derivative
dispersion with an optimal dilution, it is possible to obtain uniform
coverage even on textured silicon surfaces for solar cells [10].

While passivation effects in structures incorporating GO interlayers,
such as MOS and graphene/GO/Si devices, have already been reported
in literature [11–16], these do not include the study of graphene oxide
as a passivation material for solar cells in a scalable to manufacture
system. Furthermore, to our knowledge there is no definitive answer as
to what is causing the passivation on the surface from the available
literature. Thus in this work we aim to answer such a question by
providing strong evidence of the influence of the negative surface
charge of GO in the passivation of silicon. Additionally, we demonstrate
the passivation effect of GO in different silicon materials and the in-
clusion of GO's passivation capabilities compared to that of the industry
standard material, silicon nitride (SiNx) used for solar cell passivation
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[17] and the widespread temporary passivation attained from Iodine-
Ethanol (I-E) solution immersion for bulk lifetime measurements [3].

2. Materials and methods

In this work a range of float zone (FZ) and Czochralski (Cz) grown,
boron-doped silicon wafers with ‹100› crystal orientation, double (DSP)
and single (SSP) side polished, with resistivities between 1 and
1000Ω·cm, and thicknesses from 200 to 625 µm have been used to
study the passivation effect of GO. Most of the measurements were
carried out in cut samples of 2× 2 cm2 which were subjected to the
standard cleaning “RCA 1” procedure as described in Ref. [18]. How-
ever, the usually applied subsequent HF dip of the samples was not
performed since it was found that such step resulted in a diminished
passivation of the silicon surface due to the lack of hydrophilicity on the
surface provided by either the native oxide or the oxide left by the
H2O2. It must be noted as well that the samples were cleaned and left in
the desiccator for at least 3 days before the GO deposition, and their
lifetime measured before and after the deposition to avoid the inclusion
of the RCA 1 passivation effect into consideration, it was determined
that this process takes place within that period before stabilisation.

GO was prepared by a modified Hummers method [19] whereby
natural flake graphite (30 mesh, 96%C) was oxidised and exfoliated.
Sulphuric acid (H2SO4, 98%), hydrogen peroxide (H2O2, 30%), am-
monium hydroxide (NH4OH, 35%) (Sigma Aldrich); sodium nitrate and
potassium permanganate (KMnO4, Alfa Aesar) were all used as supplied
and without any further purification. The oxidised graphite was re-
peatedly washed and exfoliated using a 3% wt. H2SO4/ 0.5% wt. H2O2

mixture and then washed further with deionised water until a pH of 7
was reached for the supernatant to ensure the removal of the H2SO4.
The GO pellet had a pH of 3.6. To adjust the pH of GO, 100 µl of am-
monium hydroxide was added to under stir to give a pH of 9.9 ± 0.01
measured with a Mettler Toledo F20 pH meter.

For the silicon nitride deposition we used the Plasma-Enhanced
Chemical Vapour Deposition (PECVD) technique for 2min, to achieve a
film thickness of 90 nm ± 3 nm according to spectroscopic ellipso-
metry. This was done on a PlasmaPro 100 PECVD system from Oxford
Instruments with: 20:20 sccm SiH4: NH3 gas flow, 300 mTorr chamber
pressure, 400 °C table temperature, 13.56MHz plasma generated fre-
quency and 50W of power as deposition parameters.

Kelvin Probe force microscopy on the PeakForce tapping frequency-
modulated mode (FM-KPFM) using SCM-PIT-V2 tips was used to map
the surface potential of single GO flakes on a Bruker Dimension
FastScan. Samples for this measurements were prepared by spin coating
0.5 mg/ml of GO for 60 s at a speed of 1000 rpm and left to dry on a
desiccator overnight. Infrared absorption spectroscopy on 200 nm ±
20 nm thick GO coated silicon samples was carried out with a Hyperion
3000 FT-IR microscope with a resolution of 4 cm−1 in transmission
mode.

A Semilab WT-2000 PVN was used for minority carrier lifetime
mapping by the microwave photoconductivity decay (µPCD) technique,
with a 905 nm LASER excitation and a microwave source operating at
~10 GHz. Hence the presented effective lifetime maps show the aver-
aged lifetime down to a few tens of microns into the sample. The level
of passivation achieved by GO layers was tested in several samples by
the measurement of their effective lifetime (τeff) by µPCD mapping, with
the assumption that both sides of each sample were equally passivated.
Next, what is considered the upper limit of the surface recombination
velocity (SUL) was calculated by assuming the bulks lifetime (τbulk) to be
infinite, thus giving SUL=W/2(τeff), with W representing the sample
thickness.

3. Results and discussion

3.1. GO effect on minority carrier lifetime

We have carried out transient photoconductance mapping to com-
pare the level of surface passivation achieved by GO in various sets of
samples, here we present the comparison of GO's passivation on an
electronic grade FZ material to that of a solar grade Cz material. Fig. 1
show the lifetime maps of the FZ and the Cz boron doped samples be-
fore (a, c), and after (b, d) GO passivation, respectively. For the FZ
sample it can be observed that the τeff approaches 1ms in some areas.
Nevertheless, considering the maximum effective lifetime in the sample
to be τmax =900 µs and W =500 µm we obtain a SUL ≈ 27 cm s−1,
whereas from the τmax =820 µs and W =200 µm of the Cz sample the
calculation results in a SUL ≈ 30 cm s−1. These values are comparable
to the surface recombination velocities of some existent surface passi-
vation materials [3,4]. Moreover, we have compared the surface pas-
sivation of GO to that of PECVD deposited SiNx and I-E solution im-
mersion. The passivation was carried out on samples cut from a solar
grade SSP Cz p-type wafer (25 ± 7.5Ω·cm), the lifetime comparison is
presented in Fig. 2. The calculated upper limit surface recombination
velocities from each sample are: 363 cm s−1, 322 cm s−1 and
202 cm s−1 for GO (Fig. 2a), I-E (Fig. 2b) and SiNx (Fig. 2c), respec-
tively. These results indicate that in some silicon materials it is possible
to attain very similar levels of surface passivation with GO coatings to
those obtained by the widely used SiNx and I-E techniques.

With respect to the surface passivation stability we have found that
the GO passivation effect can last for several days, however there ap-
pears to be some unpredictable behaviour in GO's passivation after
storage. We have observed there is an increase in averaged lifetime
after a few days of air ambient storage of the samples, which we suggest
to be attributed to the interlayer water molecule release which

Fig. 1. Effective lifetime maps of a DSP FZ p-type (> 1000Ω·cm) silicon sample
(a) bare and (b) GO coated, and a SSP Cz p-type (2.8Ω·cm) silicon sample (c)
bare and GO coated.
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decreases the spacing between GO sheets and increases the negative
charge on the surface. Thus, after reaching an average τeff maxima, the
lifetime begins to decrease slowly as shown in Fig. 3, where effective
lifetime degradation is shown for a B-doped (2.8Ω·cm), SSP, Cz grown
silicon sample coated with 2mg/ml GO after air storage during 70 days.
It must be noted that Fig. 3 shows the averaged effective lifetimes of
3× 3 cm2 samples with some deviations due to GO aggregation sites,
thus making it difficult to appreciate the amount of stability obtained
within the first two weeks of deposition. The data point with a circular
marker in Fig. 3 represents the averaged lifetime of the bare sample
which in comparison to the data taken after 1600 h shows that even
after the 70 day lifetime degradation there is still some passivation
present from the GO coating. We believe that it may be possible to

improve the stability with the application of an encapsulation or cap-
ping method. This approach would avoid the gradual reduction of dried
GO at ambient conditions in the presence of humidity and high pH
which is likely to be the cause of the passivation degradation.

3.2. Passivation mechanism

We have demonstrated the capability of GO to passivate silicon
surfaces by τeff mapping of silicon samples. This is in line with the
observations of higher efficiencies from some authors in literature
[11–16], however the mechanism responsible of the passivation is still
under debate. On the one hand Yang et al. [14] has suggested the
passivation to be due to surface dangling bond saturation provided by
the hydroxyl and carbonyl groups which decorate the graphene-like
sheet of GO, whereas Hsu et al. [12] and Jiao et al. [13] attribute the
passivation to the negative surface charge of GO. Henceforth we pro-
vide some evidence to support the latter as the source of the passiva-
tion.

It has been largely acknowledged in the literature that the abundant
oxygen containing functional groups of GO such as: hydroxyls (C-OH),
carboxyls (COOH), and epoxides (C-O-C) are the source of a strong
negative surface charge in the GO sheets [7,20,21]. Even though there
still exist some dispute on the distribution of these functional groups
and their impact on GO's properties, the negative charge attributed to
them has been accepted by the 2D material community. GO's negative
charge has been observed to be significantly dependent on the pH of
GO's colloidal dispersion, and has been measured mostly by the zeta
potential technique [16,22–24] and more recently by Kelvin-probe
microscopy [25]. In this work we have thus studied the impact of pH on
the surface passivation ability of GO in a range of samples, primarily
observing the effect of low (3.6 ± 0.01) and high (10 ± 0.01) pH GO
solutions in the passivation, this because there were no observable
trends from intermediate values as could be expected from the small
zeta potential increase in mid values reported in various references
[16,22–24].

Firstly, to observe the effect of pH on the surface potential of the GO
single flakes (see Fig. 4a and b for topography illustration) we used the
PeakForce-KPFM technique on both materials. Images of the measure-
ments are shown in Fig. 4c and d for the low and high pH dispersions,
respectively. A cross-section profile of the measured surface potential is
also shown in Fig. 4 for both pH's. From these measurements the con-
tact potential difference (VCPD) between the tip and the sample presents
a threefold increase in negative potential going from VCPD

=24 ± 7mV for the low pH GO flake to VCPD = 62 ± 4mV for the
high pH GO flake. These results indicate that there is indeed an increase

Fig. 2. Effective lifetime maps of samples cut from a B-doped Cz wafer of
thickness 625 ± 25 µm, passivated with (a) 4 mg/ml GO, (b) I-E solution, and
(c) PECVD SiNx.

Fig. 3. Averaged effective lifetime values of samples cut from a B-doped Cz
wafer of thickness 200 ± 5 µm. Initial non-passivated value is identified with
the circular marker, whereas the diamond marker represents the passivated
averaged values with 2mg/ml GO after air ambient storage.

Fig. 4. AFM images of sheets from a low (a) and high (b) pH GO dispersion. PeakForce-KPFM maps from the same GO sheets with low (c) and high (d) pH. (e)
Transmission IR absorption spectra from silicon samples coated with low and high pH 3mg/ml GO.
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in negative charges on each GO flake from the basic solution. Moreover
an increase in potential with number of GO layers was observed, con-
firming the results reported by Salomao et al. in [26]. We have carried
out FTIR measurements on silicon samples coated with thick layers of
the same low and high pH GO dispersions to correlate with functional
group content, results are shown in Fig. 4e. The IR spectra at distinct
points of the sample show a rather significant increase in the vibra-
tional frequencies 1042 cm−1 and 1427 cm−1 typically assigned to
hydroxyl groups, some increase in the range 1600− 1750 cm−1, fre-
quencies commonly assigned to carboxyl and hydroxyl groups and a
slight decrease in the band 1170 cm−1 assigned to the epoxides [27].
This evidence adds to the argument of having the oxygen-containing
groups as the source of negative charge in GO. We then performed
photoconductance decay measurements to compare the passivation
level attained with each material. In Fig. 5a and b we show the com-
pared τeff maps of samples taken from a high resitivity p-type FZ wafer
passivated with 2mg/ml GO solutions with low and high pH, respec-
tively. In these samples the averaged τeff increased from 236 µs in the
low pH sample to 389 µs in the high pH sample, suggesting that the
added negative charge from the hydroxyl groups improves the passi-
vation. In terms of SUL however, we calculated a value of 17.4 cm s−1

for the low pH sample and 19.5 cm s −1 for the high pH sample, con-
sidering the τmax measured of 1430 μs and 1282 μs respectively for each
sample, these high lifetime areas have been highlighted in Fig. 5. On
these areas, an increase of a few tens of nm in GO thickness was
measured, indicating that these effect may be the result of a higher
aggregation of GO sheets in the low pH solution [22,24] which in turn
increases the net negative charge in the area and consequently the field
effect passivation. This is in agreement with the negative field effect
passivation obtained with GO coating. It must be also noted that, as
mentioned in the methods section, the passivation of GO was sig-
nificantly decreased by the oxide removal from the samples. This fact
suggests that there is no dangling bond saturation involved in the
passivation mechanism of GO, since a SiO2 thin interlayer (less than
10 nm) has been found to be required for an improved passivation. Such
observations contradict the possibility of physical bonding between
GO's functional groups and silicon atoms at the surface as suggested by
Yang et al. in [14].

4. Conclusions

In this work we have reported the effectiveness of graphene oxide as
a surface passivation coating for silicon solar cells. Surface re-
combination velocities as low as 14.4 cm s−1 have been obtained.
Studies on the passivation mechanism attained by GO and its stability
are discussed. We found the passivation to be likely explained by the
negative fixed charge coming from the oxygen-containing groups, hy-
droxyl groups in particular, surrounding the GO's flakes and discard

previous suggestions of predominant chemical passivation. The sim-
plicity of GO's deposition and removal without surface damage make
this process a good alternative for temporary surface passivation for
bulk lifetime measurements. Furthermore, with the use of an appro-
priate encapsulation method or capping layer deposition, results in here
presented demonstrate that GO can be a potential cheap and low risk
alternative to currently used surface passivation materials for silicon-
based solar cells.
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CHAPTER 6

CONCLUSIONS AND FURTHER WORK

In this chapter, a summary of the contributions and conclusive remarks conferred in
each previous chapter together with their relevance to the PV community is presented.
What is more, highlights on the required further work from the corresponding chap-
ter’s topic is bestowed.

In chapter 3 we have presented results on studies realised on phosphorous doped
Czochralski and Continuous-Czochralski crystals. Our studies firstly describe the in-
teractions between C,O and H in several samples in Section 3.2. Secondly in Section
3.3, oxygen-rich Si-samples after thermal-donor formation have been characterized.
Both sections have been aimed to investigate the effects of the aforementioned impu-
rities in the minority carrier lifetime of the material.

So, in Section 3.2 we have shown that in every measured Cz/Cz-Si sample contain-
ing high levels of carbon and oxygen impurities, a couple of minority carrier lifetime
limiting recombination centers are formed in the presence of atomic hydrogen (i.e the
COH-complexes). Detailed studies, which are presented in the form of four published
papers, hence describe the mechanisms of these COH-complex formation, and the
proposed atomistic structure of the observed dominant center together with the full de-
scription of its electrical activity. In the following, the highlights of the findings given
on these publications are the recognised.

99K By means of DLTS, LDLTS, MCTS, FTIR and µPCD, a range of n-type Cz
material with various O, C and H contents have been studied.

99K The DLTS, LDLTS and MCTS spectra from the C, O and H contaminated sam-
ples (Si:O+C) show the formation of six centers. Four of which have been identi-
fied to arise from C, O and H interactions, two of them corresponding to electron
traps and two more to hole traps.
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99K Careful electrical characterization of the hole traps, which includes their posi-
tion in the gap and their capture cross-section ratios, have disclosed their high
recombination activity. Identification of their presence in the material as a life-
time limiting factor for high efficiency cells fabrication has thus been suggested.

99K Detailed characterization of the electron traps demonstrated that these are not
very effective recombination canters, however, they appear to be closely related
to the same complexes giving rise to the COH hole traps. What is more, our
results indicate that these traps correspond to the second acceptor levels of the
COH complexes, and studies of their field-dependent emission behaviour are
found to be well described by phonon-assisted tunnelling.

99K Evidence of the minority carrier lifetime reduction due to the COH-complexes
presence has been provided by µPCD mapping of the contaminated material.

99K Even though dissociation of the complexes has been achieved by the application
of short-term low temperature (≈ 200 ◦C) heat-treatments, their re-formation has
been shown to occur upon cooling when high-enough H levels were available in
the material.

99K Degradation of the Si:O+C samples was also observed after hydrogenation from
SiNx coatings, demonstrating the relevance of the COH-complex studies for
high-efficiency PV-cell manufacture.

99K From first-principles calculations, an atomistic model from the bistable COH-
complex giving rise to the dominant peak observed by DLTS was constructed
and presented. Excellent agreement between the experimentally-obtained char-
acteristic energy values of the complex and the resulting theoretical calculations
is shown.

99K It is argued that although H presence in Si crystals is often considered to be
beneficial for the devices, care should be taken when deliberately introducing it
into C-rich materials to avoid degradation.

From the careful analysis of our results it was concluded that the COH-complexes
can be very harmful for the efficiency of the solar cells made from Si:O+C material.
However, some relevant work has been left pending to further support our hypothesis.
For instance, the fabrication and testing of complete cells made from a range of Si:O+C
material with various C, O and H concentrations has been left as pending work.
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In Section 3.3 on the other hand, we have studied a set of commercially available
P-doped Cz samples with high oxygen concentrations. This material has been lately
reported to suffer from lifetime degradation and attributed to the presence of bistable-
thermal double donors (BTDDs). Therefore, we have carried out careful studies by
means of DLTS on several samples to investigate the proposed theory. Our findings,
which were presented in the form a paper which is currently under editorial revision,
can be summarised as follows:

99K By means of DLTS and LDLTS measurements in the range 300 to 430 K, the
formation of two peaks related to the BTDD-0 and BTDD-1 defects on their
deep donor state have been for the first time been detected.

99K Even though thermal double donors in silicon have largely been documented in
literature, the peculiarity of electron-emission activation energies of the observed
BTDDs have prevented, we believe, its prior observation.

99K Careful studies of the capture and emission kinetics of the defects, together with
previously reported BTDDs transformation characteristics, suggest that even
though these complex are very effective minority carrier trapping centers, they
do not have a significant effect on the minority carrier lifetime of the material.

Due to the increased interest from industrial manufacturers to switch their base ma-
terial from p-type to n-type material for commercial cell production in recent years,
thermal-donors in Si have regained attention in literature. Although a plethora of avail-
able investigations on the topic already exists, it may be necessary for forthcoming
technological advances to gain a better understanding on the effect of TDD species
when they are present in the crystal in large quantities.

In chapter 4 we have shown the results of our extensive investigations on B-doped
Cz material which has been found to be prone to light-induced degradation. This degra-
dation has been a topic of tremendous interest for the PV community for decades due
to the huge detrimental effect it poses on the cell efficiencies. Hence, more than a 1000
papers have been published throughout the past four decades demonstrating advances
on the underlying physical mechanisms responsible for the degradation. Nevertheless,
little experimentally-supported evidence has been published yet, that provide a definite
answer to all the suggested hypothesis and posed questions in relation to the responsi-
ble defect and/or recombination mechanisms for the observed degradation. From our
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recent experimental findings however, we have been able to construct a new model for
the responsible BO-defect supported by strong evidence provided by several junction
capacitance techniques. Accordingly, in Section 4.1 we have presented our latest re-
sults in the topic in the form or a paper draft which is to be completed in the following
weeks for journal submission. The highlights of the sections’ contributions reads as
follows:

99K For the first time the direct observation of what we think is a precursor of the
BO-defect responsible for LID in B-doped Cz Si is shown by means of DLTS.

99K A direct correlation between the DLTS signal disappearance and the degradation
of the minority carrier lifetime in the material has been found and presented.

99K A configuration-coordinate diagram has been constructed after capture and emis-
sion kinetics of holes analysis.

99K From first-principles calculations a proposed BO-defect structure on three dif-
ferent configurations has been shown.

99K By means of capacitance junction techniques we have identified the formation of
two shallow levels and a deep donor after capture and emission of carriers from
the defect. Hence it is argued that the BO-complex can change its atomistic
configuration upon charge carrier capture and emission.

99K It is suggested that the LID mechanism of recombination occurs through a shal-
low acceptor level introduced by the one of the BO-complex configurations, and
could be described by a trap-assisted Auger recombination process.

Analysis of our recent results point us to the belief that the long-standing LID
problem in p-type Cz Si has not been able to be resolved due to the likelihood of
the recombination mechanism to be related to the introduction of very shallow levels
in the gap which are in close proximity to the B-atom acceptor level. Such shallow
levels tend not to be strong recombination centers from the perspective of Shockley-
Read-Hall statistics. Nevertheless, one possibility for these traps to act as true minority
carrier sinks, is for them to be associated to an Auger type of recombination process.
Even though our presented results give strong evidence of the appearance of such shal-
low levels after degradation, further work is currently been carried out towards their
direct spectroscopic observation for characterization. Consequently, it is of our cur-
rent interest to carefully study the implications of the existence of these uncommon
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shallow traps in Si, and thus be able to develop a full theory on their recombination
mechanisms.

In chapter 5 studies on graphene oxide as a new surface passivation material for
silicon is bestowed. It has been shown within the chapter that some of GO’s chemical
and physical intrinsic properties makes it a very good candidate for its application on
Si-surfaces as passivation layer. However, in the literature just a few of these proper-
ties have been studied for the efficiency improvement of Si solar cells. Accordingly, in
Section 5.2 we have presented in the form of a published paper the evidence obtained
from several characterization methods of GO’s ability to reduce the surface recombi-
nation velocities in various Si crystals. The key findings of the such publication are
summarised as follows:

99K GO has been found to serve as an effective surface passivation material for Si.

99K The passivation mechanism offered by GO is found to be mostly related to its
surface negative charge and thus associated to a field-effect passivation.

99K Opposite to some previous literature claims, we have found no significant evi-
dence of chemical passivation.

99K Demonstrated stability of the GO passivation makes it a good candidate for tem-
porary passivation layer.

99K It is suggested that the application of some capping-layer techniques are required
for a feasible GO-passivation utilisation in solar cell fabrication.

From the analysis of our presented results together with some preliminary data
obtained from corona-discharge and X-ray photoelectron spectroscopy studies it is our
belief that besides the use of GO as passivation material, some other possible GO appli-
cations need to be explored. For instance, we suggest that GO can potentially be used
in Si-based cells as emitter passivation layer, anti-reflection coating and replacement
for aluminium backsurface field. Nevertheless, further work to thoroughly evaluate
these industrial applications is still required.
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