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ABSTRACT

MITIGATION OF LIGHT-INDUCED DEGRADATION AND, LIGHT AND
ELEVATED TEMPERATURE INDUCED DEGRADATION
MECHANISMS IN BORON DOPED CZOCHRALSKI GROWN SILICON
WAFERS

Ozyahni, Vahdet
Master of Science, Micro and Nanotechnology
Supervisor: Prof. Dr. Rasit Turan
Co-Supervisor: Assoc. Prof. Dr. Selguk Yerci

January 2024, 74 pages

The degradation of solar cells is critical for their long-term performance. If the
recombination concentration is high, the rate of electricity generation from the solar

cell will be lowered significantly.

Within this thesis, two commonly known degradation mechanisms of light-induced
degradation (LID) and, light and elevated temperature-induced degradation (LeTID)
on boron doped silicon wafers were investigated. To understand the effect of base
resistivity on B-O LID defect mechanism, three different base resistivity groups of
samples with 0.2, 1.5 and 650 Q.cm were used as substrates. Also, a fast regeneration
method that is an alternative to illuminated annealing with halogen lamp and hot
plate method, was proposed by a 915 nm diode laser. Moreover, two different silicon
nitride (SiNx) passivation layers were deposited to identical samples to investigate

the effect of different passivation layers on both LID and LeTID mechanisms.

According to the results, 0.2 and 1.5 Q.cm base resistivity samples showed a
significant degradation due to B-O defects, while 650 €Q.cm base resistivity samples

did not at all. Moreover, the concentration of hydrogen that diffused from both SiNx



passivation layers to bulk was calculated. Diffused hydrogen concentrations from
both passivation layers were enough for the passivation of B-O defects in each base
resistivity sample. Although there was a significant difference in the concentration
of diffused hydrogen atoms inside the bulk, the extent of LeTID was identical for
differently passivated SiNx samples. However, it was seen that increased hydrogen

concentration inside the bulk caused a faster formation of LeTID.

Keywords: LID, LeTID, hydrogen, silicon nitride, base resistivity
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BOR KATKILANMIS CZOCHRALSKI METODUYLA BUYUTULMUS
KRISTAL SIiLiISYUM ORNEKLERDE ISIKLA INDUKLENEN BOZUNMA
VE ISIK VE SICAKLIKLA INDUKLENMIiS BOZUNMANIN
AZALTILMASI

Ozyahni, Vahdet
Yiiksek Lisans, Mikro ve Nanoteknoloji
Tez Yoneticisi: Prof. Dr. Rasit Turan
Ortak Tez Yoneticisi: Dog. Dr. Selguk Yerci

Ocak 2024, 74 sayfa

Glines hiicrelerinde meydana gelen verim distiriicii kusurlar uzun vadeli
performanslari agisindan kritik 6neme sahiptir. Bu sebeple, fazla miktarda verim
disiiriicti kusur igeren giines hiicrelerinde yiiksek miktarda elektrik iiretiminde diisiis

gbzlemlenebilir.

Bu tezde, boron katkilanmis silisyum drnekler tizerinde 1s1kla indiiklenen bozunma
(LID) ve 151k ve yiiksek sicaklikla indiiklenen bozunma ( LeTID) arastirildi. Kitle
direncinin kusur sebepli bozunmalarin iizerindeki etkilerini anlayabilmek icin {i¢
farkli kitle direncine sahip 0.2, 1.5 ve 650 Q.cm 6rnek grubu kullanildi. B-O
kusurlarinin pasivasyonuna hizli ve etkin bir yontem olarak 915 nm diyot lazer
metodu halojen lamba ve sicak plaka kullanilarak yapilan pasivasyona alternatif
olarak sunuldu. Ayrica, hidrojen konsantrasyonunun hem LID hem de LeTID
mekanizmlart lizerindeki etkisini aragtirmak ig¢in iki farkli silisyum nitriir (SiNx)

pasivasyon katmani denk drneklere ayri olarak biiyiitiildii.

vil



Sonuglara gore, 0.2 ve 1.5 Q.cm kitle direncine sahip drneklerde B-O kusurlarindan
dolay1r 6nemli miktarda bir bozunma goriiliirken 650 Q.cm kitle direncine sahip
orneklerde hi¢ bir bozulma gézlemlenmedi. Her iki SiNx pasivasyon katmanindan
tavlama islemi sirasinda kitle igerisine yayilan hidrojen konsantrasyonu hesaplandi.
Her iki pasivasyon katmanindan kitle icerisine yayilan hidrojen konsasntrasyonunda
olmasina ragmen, farkli SiNx katmaniyla pasiflestirilmis 6rnekler i¢in LeTID sebepli
kusurlar kaynakli diigiisiin ayn1 miktarda oldugu gozlemlendi. Ancak kitle igerisinde
artan hidrojen konsantrasyonun daha hizli bir LeTID sebepli diisiise neden oldugu

saptandi.

Anahtar Kelimeler: LID, LeTID, hidrojen, silisyum nitriir, kitle direnci
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CHAPTER 1

INTRODUCTION

Today, one of the biggest challenges we face is climate change. Increasing CO2
emissions causes detrimental side effects on our planet. Therefore, we need to prefer
less or no carbon footprint methods in our daily lives. There are various sources of
high carbon emissions, such as farming, non-renewable power plant sources, petrol
cars, etc. Electricity generation and heating methods are mainly based on non-
renewable sources such as coal, oil, and natural gas, causing the highest CO2
emissions. Therefore, we must prefer less or no carbon footprint and renewable
methods such as solar, wind, and tidal. Among them, solar energy has the highest

potential and wide range of applicability for electricity generation.

Due to their low material cost and abundance, silicon-based solar cells are widely
preferred by industry. Solar cells are a diode that contains a p-n junction structure.
Under sunlight illumination, photons that have higher energy than the band gap
energy of the silicon can generate an electron-hole pair by its absorption. Electricity
can be generated by collecting those electrons and holes separately before their

recombination.

The story of solar cells started in 1839 with Edmond Becquerel's demonstration of
the photovoltaic effect for the first time. Then, in 1954, Bell Laboratories announced
the first practical silicon solar cell. From the past to the present, different structured
solar cells, such as Interdigitated back contact (IBC) cells, Passivated Emitter and

Rear Contact (PERC), Tunnel Oxide Passivated Contact (TOPCON), etc., were



investigated. For the future, increasing solar cell usage can be a solution to reduce

excess CO2 emissions and protect our home planet Earth from climate change criris.

1.1 Czochralski Grown Silicon Wafers

Solar cells can be fabricated with various raw materials such as Ga, As, In, Si, etc.
However, the solar cell industry is dominated by Si due to its abundance and cheap

raw material prices [1].

Different wafer material types
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Figure 1.1: Market share of different wafer types, taken from the ITRPV 2023 report.

In the literature, various fabrication methods for silicon-based cells are available.
The most known methods are Czochralski (Cz), Float Zone (FZ), and multi-
crystalline (mc). As shown in Figure 1.1, Cz is the primary used method now and in
the predictable future. However, Cz-Si has certain drawbacks, such as metallic

impurities and oxygen contamination during Si ingot growth from quartz crucible



(S102). These contaminations are known for their detrimental effect of degradation

on solar cell parameters.

1.2 Passivated Emitter and Rear Cell (PERC)

As shown in Figure 1.2, PERC solar cell is a widely used solar cell structure that was
first introduced by M. Green et al. in 1989 [2]. In this structure, the emitter region at
the front side is formed by a doping process with the SA group element of
phosphorous (P) to create the required field effect for forming the p-n junction
structure. Electrons are collected on the front side by the field effect, while holes are
collected on the rear side. SiNx at the front side for passivation of surface dangling
bonds and anti-reflecting coating (ARC) feature is preferred. Also, SiNx is used for
the capping layer of deposited Al2O3 at the rear side. To generate electricity, ohmic

contacts are formed at both the front and rear sides.

Front Silver «¥—

Metal Contact —— SiN, (ARC)

—— Emitter

BSF
SiN, {Cappings— —— Rear Aluminium

Layer
ver) Metal Contact

Figure 1.2: PERC structure.



1.3 Solar Cell Parameters

Characterization of solar cells with well-defined parameters has a critical role in
identifying possible problems and focusing on their solutions. For example, the
current (I) vs. voltage (V) graph can be used to define the behavior of a solar cell to
determine parameters such as open-circuit voltage (Voc), short-circuit current density

(Jse), fill factor (FF) and efficiency (1) [3].

1.3.1 Current vs Voltage Curve (I-V)

A solar cell is a diode with a p-n junction structure. However, instead of emitting
light like LEDs, they absorb light and generate electron-hole pairs. The I-V graph of
a solar cell represents the superposition of the cell diode in the dark with the light-
generated current [4]. From the I-V graph of a solar cell, Vo is the intercept of the
y-axis, Isc is intercept of the x-axis, and maximum power points can be extracted.
Also, we can extract specific detrimental effects on a solar cell, such as shunt

resistance (Rsh) [5] and series resistance (Rs) [6] from the I-V curve.
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Figure 1.3: 1-V graph with and without resistive effects.



As shown in Figure 1.3, the red line represents an ideal cell, whereas the black line
represents a cell with resistive effects. From the figure, decreased squareness

horizontally and vertically tells us about variations in series and shunt resistances.

Shunt resistance is resistance to current flow through an alternative way instead of
the p-n junction in a cell, so high shunt resistance is desired in silicon solar cells. As
shunt resistance decreases, an alternate path for current to flow becomes optional and
reduces cell performance. Series resistance is resistance to current flow along the
cell. Series resistance includes resistance caused by the silicon base, emitter, and

metal contacts.

1.3.2 Open Circuit Voltage (Voc)

Open circuit voltage is the maximum possible voltage available from a solar cell at
zero current conditions. Voc corresponds to the forward bias on the cell due to light-

generated current.

VOC:TIH (—+1) Eq(ll)

Where n is the ideality factor, T is temperature, and I and Io are light generated and
dark saturation currents. Although Voc is expected to increase with increasing
temperature, lo increases rapidly due to changes in intrinsic carrier concentration

with increasing temperature.

1.3.3 Short Circuit Current (Is)

A short circuit current is the maximum possible current that is available from a solar
cell under short circuit conditions. During the illumination of the cell, electrons and
holes are created by the absorption of incident photons. For an ideal solar cell,
resistive effects can be ignored so it can be considered that no loss from resistive
effects and short circuit current becomes the largest current value that can be

generated. However, the usage of Isc can cause troubles due to its dependency to the



area of solar cell. To overcome this problem, short circuit current density (Jsc) which

is independent of the area of the solar cell can be used as in Eq.2.

Iye = JscA Eq. (1.2)
Jse = qG(Ly + Ly) Eq. (1.3)
Jsc 1s dependent on generation rate (G), electron and hole diffusion lengths (Ln, Lp)

as shown in Eq.3.

1.3.4 Fill Factor (FF)

The fill factor is the measure of squareness of I-V curve for a solar cell. Higher

squareness is desirable for better cell performance.

Pyp

FF =
I/OC * ISC

Eq. (1.4)

FF can be defined by the ratio of maximum power that can be harvested from the

solar cell to the product of open circuit voltage and short circuit current.

1.3.5 Efficiency (1)

Efficiency of a solar cell is commonly used and an easy-to-understand parameter that
can give direct indication of cell performance. It is the ratio of power harvested from
the solar cell to the incident power on it from the sun. Efficiency is dependent on
variables such as intensity, spectrum of incoming light and temperature of the cell.
Therefore, for the sake of comparison, efficiency is measured under conditions of

AM1.5 and room temperature of 25 °C.

The incident power that can generate electricity is:

Prax = VoclscFF Eq. (1.5)
Where efficiency is:
VoclscFF
=", Eq. (1.6)



14 Recombination

Under sunlight exposure, absorbed incoming photons with higher energy than the
band gap of the silicon can create an electron-hole pair. By collecting electrons and
holes separately before their recombination, electricity from a solar cell can be
generated. Therefore, the recombination of electron-hole pairs is critical for solar cell
performance. There are three main recombination mechanisms exist: Radiative,

Auger, and Shockley-Read-Hall (SRH) recombination.

14.1 Radiative Recombination

Radiative recombination, also called band-to-band recombination, is commonly seen

in direct band gap semiconductors.

® Electron
® Hole

Figure 1.4: Radiative recombination.



As shown in Figure 1.4, when an electron in the conduction band (Ec) and a hole in
the valence band (Ev) recombine, a photon that has similar energy with the band gap
of the material is released. For example, LEDs are made of direct band gap materials
such as GaAs, InGaN, AlGaAs, etc. Due to the indirect band gap characteristic of Si,
radiative recombination has low effects on electron-hole pair recombination in Si-

based solar cells, so that it can be neglected.

1.4.2 Auger Recombination

As depicted in Figure 1.5, Auger recombination occurs during the band-to-band
recombination of electron and hole pairs, transferring excess energy to another
charge carrier [7]. Then, this charge carrier goes to a higher energy level and
thermalizes back to the edge of the conduction band by phonon interaction and heats

the bulk.

® +—
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Figure 1.5: Auger recombination.



As the base doping level increases, the Auger recombination rate also increases. It
predominantly affects carrier lifetime in highly doped silicon under low injection [8]

and lowly doped silicon under high injection [9].

1.4.3 Shockley-Read-Hall Recombination

Shockley-Read-Hall recombination, also called recombination through defect levels,
occurs by defect energy level or trap level in the band gap. The concentration of traps
and impurities in the bulk is critical for the rate of SRH recombination mechanism.
Therefore, crystallographic quality and the level of contamination have a high

relation with SRH recombination.
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Figure 1.6: Shockley-Read-Hall recombination.

Electrons and holes can be trapped in the forbidden energy level between the band
gap due to those traps and defect levels. As shown in Figure 1.6, if opposite charge

carriers move up to the same recombination level before their thermal emission, then



they recombine. The energy level of the recombination site and its distance to the
band edges affect the rate of carriers that move to that energy level. If the position of
the recombination site is close to the band edges, they are less recombination active.

Therefore, energy levels that are close to the mid-gap are highly recombinative.

1.5 Defects in the Bulk

Defects inside the bulk limit the performance of a silicon solar cell. Identifying those
defects is critical to reduce their effects and improve the performance of cells.
Defects inside the bulk are mainly positioned as substitutional sites or interstitial

sites, as shown in Figure 1.7.
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Figure 1.7: Interstitial and substitutional position of defects inside the Si bulk.

Defects inside the bulk can be categorized into intrinsic and extrinsic defects.

1.5.1 Intrinsic Defects

Intrinsic defects that are present in pure silicon without any extrinsic addition occur
during the ingot growth process. Two commonly known intrinsic defects are

vacancies and self-interstitials.

Vacancies are displaced atoms that are missing from the crystal lattice. When a
vacancy exists, it leaves a hole behind it. Chemical reactions, radiation, or thermal

energy can potentially create vacancy sites. Interstitials are atoms that are located in
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between crystal lattices instead. When an atom is displaced from a crystal lattice to
an interstitial position, it can form an interstitial with chemical reaction, radiation,
and thermal energy. Vacancies and interstitials have the potential to interact with
each other to form more complex defects. At room temperature conditions, the
concentration of intrinsic defects is low. However, increasing temperature and

doping level can increase its concentration.

1.5.2 Extrinsic Defects

During solar cell fabrication, the addition of dopants is required to increase the
conductivity of silicon bulk and to form the required p-n junction. However, dopant
atoms, called substitutional extrinsic defects, can replace silicon atoms at the crystal
lattice. They can change the electronic property of the doped material, such as an n-
type wafer by doping phosphorus or a p-type wafer by doping boron atoms. In other
words, introducing dopant atoms is an impurity-introducing method. Some certain
impurities during the ingot growth process contaminate the ingot. The common
contaminants during the ingot growth are oxygen, carbon, iron, cobalt, etc. Those
impurities have a detrimental side effect on silicon solar cell performance by

behaving as recombination centers for capturing electrons and holes.

1.6 Motivation of Thesis

Solar cell installation has become increasingly popular to generate electricity for our
daily needs. However, one of the main challenges after the installation is the
degradation mechanisms of LID and LeTID that occur over time due to prolonged
exposure to sunlight. Essentially, the efficiency of electricity generation decreases
as the degradation phenomena elevates over time. LID is mainly caused by the
activation of B-O complex during sunlight exposure. Hydrogen atoms can passivate
those defects during the illuminated annealing process called regeneration. On the

other hand, LeTID is caused by excess hydrogen atoms which interact with an
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unknown complex. Although the exact mechanism of LeTID is still a mystery,
applying low sun intensities with a specific heat or long duration of heat application
can activate and then passivate the LeTID-originated complex. Therefore, hydrogen

concentration inside the bulk is critical for both mechanisms.

The source of hydrogen inside the bulk is the silicon nitride passivation layer.
According to the hydrogen concentration inside SiNx the passivation of B-O defects
can be enhanced, or LeTID-related degradation can be increased. Therefore, the
characteristics of SiNx layer have a critical importance. The base resistivity of a
wafer is another crucial parameter for B-O defects. As the base resistivity of the
wafer decreases, the concentration of the boron dopant atom increases. In other
words, available boron atoms that can form B-O defects increase, and the extent of
LID-related defects increases, too. For higher base resistivity samples, it is expected

to observe fewer B-O defects.

Within this thesis, by using different base resistivity wafers from specially grown
ingots, the effect of boron dopant concentration on the extent of LID was
investigated. Also, two different SiNx layers were deposited on identical samples to
compare the effect of hydrogen concentration of passivation on LID. For LID
passivation and degradation, two commonly known methods of halogen lamp with a
hot probe and laser illumination were used. Optimization for a fast and effective way
for LID passivation was investigated by comparing those methods. Moreover, the

effect of hydrogen concentration on the extent of LeTID was investigated.
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CHAPTER 2

THEORY AND BACKGROUND

Solar cell technology is critical in low or zero carbon emissions during electricity
generation. Therefore, focusing on the problems of solar cells is crucial for further
advancements and better cell performance. One of the critical challenges in Cz-Si p-

type solar cells is degradation mechanisms.

[llumination of samples is a common method for activating degradation mechanisms.
Any carrier injection method, such as illumination with sunlight, halogen lamp, laser,
or forward-bias application, can cause the activation of those mechanisms.
Therefore, Current Induced Degradation (CID) is a more appropriate way to name
degradation mechanisms. However, Light Induced Degradation (LID) and Light and
Elevated Temperature Induced Degradation (LeTID) are two commonly known
mechanisms that are preferred to be called those names in academia and industry. In
this thesis, LID and LeTID are used to define the degradation mechanism instead of
CID. LID and LeTID are primarily responsible for performance losses in boron-
doped p-type solar cells. LID can be observed in a short time scale, while LeTID can

take years.

2.1 Light Induced Degradation (LID)

As mentioned in section 1.1, the Cz-Si growth method is commonly preferred for its
low cost and easy production. However, one of the main drawbacks of the Cz method
is the contamination of impurities to the ingot. Oxygen contamination occurs during
the melting of silicon chucks at a quartz crucible and the growth of the ingot. The

average oxygen contamination in p-type Cz-Si wafer is around 5 x 10— 1 x 10"
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atoms/cm’ [10]. Oxygen contamination during the Cz-Si growth technique is known
for its degradation effects on cell performance. The commonly known LID
degradation mechanism on p-type Cz-Si is caused by B-O defects/complex. After
the fabrication of solar cells, during the first hours of sunlight exposure, B-O defects
become active from an inactive state [11]. B-O complex activation is not caused by
sunlight itself; instead, incoming photons that have higher energy than the band gap
of Si generate excess charge carriers, and they cause degradation [12]. After the
activation of those defects, a degradation of solar cell parameters such as Voc, Jsc,

and n can be observed.

The first systematic description of LID mechanism was proposed by Hertguth et al.
in 2006, called the three state model [11] as shown in Figure 2.1.

Precursor
4
—)

Precursor

formation

Defect Defect
formation dissociation

State B

Recombination active Light Soaking

Hydrogenation l] Destabilization

llluminated
Annealing

Figure 2.1: Three state model of B-O LID defects behavior.

This model has three main states for B-O defect behaviors. In State A, B-O defects
are assumed to be inactive, so they cannot cause any performance loss. In State B,
B-O defects become recombination active with sunlight exposure or carrier injection.

Therefore, B-O defects inside the bulk cause degradation of solar cell parameters.
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Lastly, State C indicates the passivation of B-O defects and recovery from the
degraded state. At that state, B-O defects are stable for the rest of its time, even under
light soaking application. The main role of the passivation of B-O defects can be
attributed to the hydrogen (H) atoms inside the bulk. Lastly, an additional state of
State D, shown in Figure 2.1, was proposed for the thermal precursors. State D
represents B-O defect precursors, which are annihilated thermally [13]. During
intermediate temperature processing, precursors form with the reaction from state D
to A. By high-temperature application, a reaction occurs from state A to D by
precursor annihilation. The concentration of active B-O defects in a wafer has a
direct relation with the thermal history of the wafer [14]. For example, by the
variations in the recipe of the firing step for contact formation, the change in the
permanent recovery rate of B-O defects during the illuminated annealing process can
be observed [15]. However, the thermal deactivation of B-O defects is a different

mechanism compared to the regeneration process by illuminated annealing [16].

2.1.1 B-O Defects

Boron and oxygen atoms are introduced into the bulk during Cz-Si ingot growth.
While B atoms are positioned in the substitutional site and negatively charged,
oxygen atom impurities are placed in interstitial sites and positively charged. In the
literature, B-O defects are reported to exist in the form of substitutional boron (Bs)
that captures fast diffusing oxygen dimers (O2i), which is a metastable BsO2i complex
[17]. Normalized defect density (N"Bo) can indicate quantitative estimation of B-O

complex concentration. From Hamer et al. [18], No can be calculated by:

No = 1 Eq. 2.1)
PO Topr Teffpa 41

where T, is extracted lifetime at any condition and 7.5 ¢, , is effective lifetime after

dark annealing (DA).

According to work performed by Glunz et al., varying [Oi] has a specific effect on

the concentration of B-O complex more than the boron doping level [14]. In fact,

15



N'Bo scaling is roughly quadratic with [Oi] [19], [20]. Also, there is a strong
dependence between N'Bo and boron base doping concentration, which has
approximately linear scaling [20]-[22]. Therefore, decreasing [Oi] and boron doping

levels to lower concentrations would be critical for reducing B-O LID.

E B-O H

E, . (+00) =E_-0.16 eV

Eyso(+0) =E_ - (0.41+0.02) eV
o 5t
E, (0F)=E_-007 eV
E, g0(0") = E, +(0.2640.02) eV
E

Figure 2.2: Energy level of B-O defects and H atoms in the band gap diagram,
taken from [13].

As shown in Figure 2.2, charge states for both B-O complex and hydrogen are
shown. Although the negative U-impurity feature of hydrogen is widely known, the
charge states mechanism of B-O defects is still unclear. In the literature, the positive
charge state of B-O complex is Ec— 0.41 eV with a k value of 9.3 is well known and
measured [23], [24].

2.1.2 Passivation of B-O Defects

According to section 2.1, for the transition from State B, the degraded state, to State
C, permanent recovery from the degraded state, B-O LID complex can be
permanently deactivated by an illuminated annealing application [11]. Hydrogen is
known for its ability to permanently passivate the B-O LID complex by changing its
charge state during the illuminated annealing [25]. After the permanent deactivation
process, further degradation caused by B-O LID is not expected to be observed for

additional illumination to the sample. The concentration of H inside the bulk is
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critical for effective passivation. If a lower concentration of H is introduced to the
bulk, passivation can be challenging due to fewer hydrogen atoms and a higher
concentration of defects and impurities, such that degradation can occur with

illumination by activation of B-O defects.

As depicted in section 2.1.1, B-O complex is mainly positively charged with the
energy level of Ec— 0.41 eV. The hydrogen atom inside the Si bulk has a negative
U-impurity feature, which means hydrogen can exist in the bulk at three different
charge states (H", H°, H") simultaneously [26]. Each hydrogen species has a different
diffusion velocity inside the p-type bulk due to coulombic forces. According to the
reported diffusivity values of other hydrogen species at 150 °C, H? has a diffusivity
value ~1.5 orders higher than H™ while H has ~2.5 orders higher diffusivity than H"
[27]. On the other hand, in the work performed by Rizk et al., H’ has the lowest
diffusivity at the temperature level of 120 °C — 180 °C [28]. Thus, the literature has

uncertainty on the characteristics of hydrogen atom species.

The doping type of the bulk determines the majority charge state concentration of
hydrogen inside the bulk. If bulk is p-type, the major hydrogen charge state species
is H'; if bulk is n-type, the major hydrogen charge state species is H [29]. Therefore,
in p-type samples, H" will be the majority charge state, and we need to passivate BO*
complex. Due to coulombic forces, BO" complex repels the most abundant charge
state of H" and cannot react with it, so B-O LID cannot be passivated. The solution

to this problem is increasing the H- or HO concentration inside the bulk.

H™ can easily passivate BO" defects thanks to its high reactivity rate in silicon
substrate [25]. Temperature and An are critical for the concentration of H inside the
bulk and to passivate defects. Therefore, according to Figure 2.3, appropriate
conditions to increase H’ can be achieved by applying a certain level of heat and
carrier injection. Although increasing the temperature of a silicon substrate with
constant carrier injection can provide a certain amount of H°, high thermal budget
applications are known for their detrimental side effects on silicon solar cells, so

applying reasonable thermal budget applications is preferred. On the other hand,
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increasing An with constant temperature also provides a certain amount of H® with
constant temperature. Thus, applying both high carrier injections with reasonable
thermal application seems best. Therefore, illuminated annealing, widely performed
by a halogen lamp and the hot plate, is preferable and commonly used in the literature

[30], [31].
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Figure 2.3: Fractional H® concentration in p-type 1 Qcm silicon substrate as a
function of temperature and excess carrier concentration (An) by using Sah-
Shockley statistics, taken from [32]

A halogen lamp is a practical method to mimic the sun spectrum easily due to its
working principle. Also, laser illumination [33]-[36] or forward bias application
under a specific temperature [37]-[39] is applicable for the regeneration process of
B-O LID defects. Forward bias application with applied heat is commonly preferred
in mass production due to its short application duration and mass production
compatibility [39]. Laser illumination is a new method that uses a specific
wavelength to illuminate the sample. It is a promising way to deactivate the B-O
complex permanently in seconds. A laser can provide an excess number of photons
with a specific wavelength to a particular area. As the intensity of light increases, An
can increase drastically, and the temperature of laser illumination applied to regions
increases, too. Therefore, laser illumination is a potentially fast and easy application

method for regeneration. There are new attempts to integrate the laser illumination
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method into mass production lines by replacing them with current and heat

applications.

2.13 The Effect of Base Resistivity on LID

The base resistivity is the inverse of the conductivity of the silicon bulk. Adding
boron for the p-type wafer or phosphorous for the n-type wafer increases the
conductivity of the bulk. In low bulk resistivity samples, Auger recombination
becomes the dominant effect, and it increases as base resistivity decreases.
Moreover, as we know from section 2.1.1, B-O LID complex concentration has a
linear dependence on [Bs]. Therefore, increasing boron concentration increases B-O
LID-related degradation [21]. This is one of the reasons why lowly doped silicon
substrate is commonly preferred for high-efficiency solar cell applications. Thus,
according to the base resistivity of the wafer, the extent of B-O LID degradation
should be considered for determining the duration of illuminated annealing for

permanent deactivation.

214 Fe-B Pairs

Apart from oxygen atoms that cause B-O LID, iron atoms that form FeiBs pairs are
also known for their detrimental effects on cell parameters, which is a LID. Iron is a
commonly faced contaminant in Cz-Si grown wafers with a concentration of 1 x 10"!
cm™ for non-gettered wafers [40]. Interstitial iron (Fei) is known for its high
recombination active characteristic that can cause performance loss in cell
parameters [41] with the fermi level energy of E;, + 0.387 eV and capture cross
section ratio of k = E, + 0.38 eV. In p-type wafers, iron exists in unbounded
interstitial form under excess carrier injection conditions such as illumination [42].
On the other hand, in the darkness, due to the positive charge of Fei', it tends to

combine with negatively charged dopant atoms, e.g., B and Ga [43]. To calculate the
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time requirement for the association of FeiBs pairs under dark storage after excess

carrier injection to dissociate them, the following formulas can be used:

0.66

T
Tassoc = 9 X 1015 x (N_> X exp (k_T> Eq. (2.2)
A

where k=8.617 x 10~ eV/K and T in Kelvin at 30 °C room temperature, Na is dopant

concentration and Tassoc 1S the required time for association [44].

t
[Fedey = [Feilemoy  exp(———) Eq. (23)

Tassoc

Fei and FeiBs has a distinct recombination property from each other due to the
difference in their electron to hole capture cross-sections, which is higher for Fei
[41]. To quantify the concentration of Fei injection-dependent lifetime measurement
can be used [45]. Firstly, by excess carrier injection e.g., illumination long enough
to dissociate the FeiBs pairs and measuring the samples. However, to obstruct any
further effect other than Fei, the temperature of the sample during the illumination is
critical. If the heat of the sample exceeds the temperature range of 50 °C, the base
resistivity of the sample can vary, which has the potential to effect lifetime results to
cause deflections on the calculations. Secondly, by keeping samples in the dark for
a sufficiently long time to let enough time for the formation of FeiBs and measuring.
Another key point for the dissociation of the FeiBs pairs is the increase in lifetime
values. As they dissociate, the effective lifetime values increase due to difference of
capture cross sections of Fei and FeiBs. A certain quantification for [Fei] can be done

by comparing injection dependent lifetime results.

1 1
[Fe;] = C ( - ) Eq. (2.4)

Tiight Tdark
where Tiignt 1s carrier lifetime after light soaking to dissociation FeiBs which Fe;,
becomes dominant and tdark is carrier lifetime after dark storage to associate FeiBs

pairs which FeiBs is dominant. The constant C dependent on dopant concentration,
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temperature, and carrier injection. To calculate constant C, the following formula

can be used [46]:

1
yFer — vth(NA + AnFei)
1 Fe; Ang,, Eq. (2.6)
(Tel) (NA + ple + AnFei) + ( Feei )
o, o,
FeB _ Ven(Ny + Anpep)
1 1 Eq. (2.7)
( FeB) (Nj + Angep) + ( FeB> (n{% + Angep)
On 0p
where Ang,, and Ang.p are measured excess carrier densities in states of Fei and
FeiBs. vy, 1s thermal velocity, N, is acceptor dopant concentration. a,f ®tand 0'5 “are

capture cross sections. pf ®t is SRH density for hole in the state of Fei and nf®” is

SRH density of electrons for the state of FeiBs. The values of vy, 0., and @,

D can

be found from the literature.

2.1.5 Passivation of Fe-B Pairs

Hydrogen atoms are known for their ability to passivate Fei atoms inside the bulk.
Although the exact mechanism has not been found yet, according to the work done
by Kouketsu et. al., DLTS peak reduces or disappears by introducing hydrogen into
the bulk [47]. It is considered that, positively charged interstitial iron atoms (Fe;")
can bond with H™ atoms and form Fe-H pairs and become recombination inactive
[47], [48]. However, no evidence has been found for such pairs yet [47]. In the
literature, apart from the Fe-H bonds, another alternative explanation for mechanism
for the reduction of [Fe;"] impurities were proposed. Instead of Fe-B pair formation

to explain the decrease in [Fe;'], they indicate that due to increased diffusivity of
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metallic impurities during the hydrogen introducing method or annealing the sample
in a hydrogen ambient, the diffusivity of metallic impurities increases towards to the

surface [49], [50].

2.2 Light and Elevated Temperature Induced Degradation (LeTID)

After the investigation of LID, we can move into the next critical degradation
mechanism of LeTID. The main difference between LeTID from LID is its dynamics
and the duration of degradation. LeTID was first observed by Ramspeck et al. on
mc-Si solar cells in 2012 [51]. LeTID is known for its long-time duration
requirement to cause degradation on cell parameters [52]. LeTID can be activated by
both illuminated annealing at low temperatures or annealing in the dark [53].
However, it is suspected that the LeTID mechanism for both techniques can be
different from each other. Except from LID, LeTID is independent of base doping
species and their concentrations so it can be observed in n-type [54], Cz-Si [55] and
FZ-Si [56] samples. Existence of hydrogen atoms inside the bulk is known enough
for LeTID to occur so far [57]. For example, in n-type wafers, there is no boron atom
inside the bulk to cause B-O LID, but we can see its degradation by applying
appropriate conditions for LeTID [54]. The concentration of hydrogen in the bulk is
critical for LeTID [58]. Excess interstitial hydrogen atoms do not speed up the
recovery rate as in LID, instead, it causes elevated degradation of cell parameters
caused by LeTID [59]. Also, the effect of peak firing temperature was observed in
samples fired with hydrogen-rich passivation layers. The extent of degradation
caused by LeTID increases with the increasing peak firing temperature [60]. The
reason is hydrogen diffusion from SiNx:H layer to the bulk is a temperature
dependent process [61]. Although many recent studies showed that the involvement
of hydrogen atoms inside the bulk is a root cause of LeTID, its mechanism has not

understood yet [62], [63].
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23 Hydrogen Atoms Inside the Bulk

In silicon bulk, hydrogen atom has low solubilities while it has fast diffusivity [64].
However, in the temperature range of T = 300-600 K, diffusivity of H atoms can be
reduced by trapping effects [65]. Hydrogen inside the silicon bulk is known for its
negative U impurity characteristic [26]. In other words, H" donor level is positioned
above the H™ acceptor level. Hydrogen atoms can exist in all H"/H/H® charge states
at the same time inside the silicon bulk. Also, hydrogen species are highly active in
the interaction of differently charged defects. Due to this characteristic of hydrogen,
it can combine all types of defects if its charge state is appropriate for the bonding.
Moreover, atomic hydrogen is known to be able to passivate shallow acceptors and

donors by forming neutral recombination complexes [66].

According to Figure 2.4, the concentration of H° increases with increasing
temperature just as in Figure 2.3. When the position of Er is above the mid-gap, H
will be the dominant species while if the mid-gap is below as in p-type Si, H" will

be the dominant species. [26].
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Figure 2.4: H charge state concentration according to fermi level A) at 300 °C and
B) at 700 °C, taken from [67].

Thus, hydrogen species are highly affected by the doping type of the silicon bulk and
turns its charge state accordingly due to fermi energy level. The lowest concentration

of hydrogen charge state candidate is H at both types of bulk at the equilibrium. Due
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to the neutral charge state of H’, its motion inside the bulk is easiest because it is
unaffected by electric fields inside the bulk. Also, H is highly active because it can
bond with both positively charged defects and negatively charged states by giving or
taking one electron and changing its charge state. Therefore, the amount of H°
concentration is very critical for the defect passivation in all types of bulk. However,
under normal conditions, H’ is not thermally stable so it cannot maintain its existence
too long, it can only be observed under nonequilibrium condition [68]. Therefore,
with an additional application which is called illuminated annealing, H°
concentration inside the bulk can be increased. Then, the ability of defect passivation
can be enhanced. Thus, for the hydrogen included mechanisms such as LID and
LeTID, carrier injection and thermal applications (firing and cooling) are critical.
However, those application also can cause new problems as hydrogen induced
contact resistivity that is increased by counter doping of contacts with H atoms [69],

[70].

2.3.1 SiNx:H Passivation Layer

SiNx:H is widely used passivation layer in solar cell industry for its ability to
passivate inter layer dangling bonds passivation and being hydrogen source for
defect passivation. SiNx dielectric layer can be deposited by various methods such
as PECVD, LPCVD and ALD. In the literature, PECVD deposited SiNx:H is widely

preferred in both industry and research centers.

In LID and LeTID, hydrogen atoms have critical effect on both regeneration and
degradation mechanisms. Hydrogen atoms inside the bulk have a positive effect to
passivate B-O defects permanently for LID. Also, it can passivate metallic impurities
and various defects in the bulk. On the other hand, in LeTID mechanism, hydrogen
atoms inside the bulk causes degradation in the long term on solar cell parameters.
Therefore, hydrogen concentration inside the bulk is very critical for the passivation

of LID and LeTID originated defects.
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The main source of H inside the silicon bulk is SiNx:H passivation layer. During the
firing step, hydrogen atoms inside the SiNx:H layer starts to effuse to the
environment and diffuse into the bulk [71]. Hydrogen diffusion inside of the bulk
can be manipulated by peak firing temperature, furnace belt speed, SiNx:H
stoichiometry etc. Although an increase in hydrogen concentration inside the bulk
would be beneficial to the passivation of bulk defects [72], it can cause detrimental
damages to the bulk by forming LeTID-related defects in long term [73]. The
concentration of hydrogen atoms that diffused into bulk is around 10'* - 10'> cm™
[74]. Hydrogen concentration of an SiNx layer can be determined by its refractive
index. As the refractive index increases, the concentration of [Si-H] bonds increase
[75]. Due to the increased silicon content in SiNx layer, atomic density decreases,
and it provides increasing hydrogen diffusivity. Thus, hydrogen diffusion to the bulk

from the passivation layer can be enhanced [75].

2.3.2 Hydrogen Diffusion Mechanism

Hydrogen diffusion to the bulk from SiNx:H layer has critical role on passivation of
surface dangling bonds and bulk defects. During the diffusion of hydrogen, it can
face with various layers (e.g. passivaiton layer, emitter, surface and bulk defects)

that can effect the diffusion.

For example, highly doped emitter layer can trapped hydrogen due to dopant bonding
[67]. Therefore, emitter doping concentration and even emitter profile has a critical
role for the hydrogen diffusion [76]. Also, defective regions and impurities can
associate with hydrogen atoms to trap them. When those regions collects hydrogen
atoms around themselves, they can behave as secondary hydrogen sources by
postannealing applications and they can enhance the hydrogen diffusion inside the

bulk [77].

Hydrogen atoms can be affected by E-fileds easily according to their charge states.

Especially, during the diffusion of hydrogen atoms from SiNx:H layer to the bulk
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through p-n junction, they should change their charge states from H to H" for
significant transport in p-type bulk with n* doped emitter samples (e.g. p-type PERC)
[67]. On the other hand, under illumination and temperature applications, hydrogen
atoms were observed to move towards the surface of the samples by the effect of the

E-filed effect created by the p-n junction [29].

Hydrogen diffusion can be retarted due to base dopants atoms relations (B-H and P-

H bonds) and formaion of H2 molecules [27].

H*+B~ S BH Eq. (2.8)

H™ +P* s PH Eq. (2.9)

with rate coefficients ksu and kpa which are:

kBH = 47TrcDH+ Eq. (2.10)

kBH = 47TrcDH— Eq. (2.11)
where D+ and Dy~ are diffusivities of H" and H™ and rc defines a radius for the

capture in according to coulombic interaction.

233 Base Resistivity Variation by B-H Bonds

Base resistivity of a silicon ingot is determined by the addition of dopant materials
such as B, P and Ga. However, the resistivity of the wafer can be increased by the
hydrogen bonding with the dopant atoms such as B-H bonds in p-type bulk and P-H
bonds in n-type bulk due to deactivation of dopant atoms [74]. The variation in base
resistivity can be measured so the formation and dissociation of B-H or P-H bonds

can be followed [78].

According to work done by Voronkov et. al. [79],
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[BH] 2
sl _ o, <p X [Hyy) ~ xA(“’;j)> Eq. (2.12)

where [H,,] is hydrogen dimer concentration, [B] is boron atom concentration that
is not passivated by hydrogen atoms, [BH] is the concentration of boron atoms
passivated with hydrogen, o, is rate of dissociation coefficient of [H, 4] dimers, p is
hole concentration and X, is the modified equilibrium constant. The values of o4
and X, can be calculated according to Voronkov et. al., by using the following

formulas of [79]:

«,= (1.3 x 1076 cm3s 1)exp (—1.3 eV /kT) Eq. (2.13)

X, = (2.35 x 10% cm™2)exp (—1.7 eV /kT) Eq. (2.14)
Where, k is the boltzman constant while T is the temperature of applied heat

treatment in Kelvin.

[BH] = p — po Eq. (2.15)

[B] = Nz — [BH] Eq. (2.16)
Where p, is hole concentration before firing, p is current hole concentration and Ng

1s the total boron concentration.

After heat treatment, there will be a equilibrium state in between [H,4] and [BH]

which equilibrium can be described by:

B Eq. (2.17
[HZA] = XA[p—l q ( )
Thus, to calculate total hydrogen concentration, the following formula can be used:
S)
[Htot] =2X [HZA] + [BH] =2X XA% + [BH] Eq~ (2-18)
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CHAPTER 3

EXPERIMENTAL

In this thesis, the extent of LID which is directly dependent on the boron base dopant
concentration and its passivation rate varies with hydrogen concentration inside the
bulk was investigated. Also, the effect of bulk hydrogen concentration on LeTID
effect researched. For this purposes, two different SiNx:H passivation layer was
deposited on samples which have the base resistivity values of 0.2, 1.5, and 650 Q.cm

to compare their effects on both LID and LeTID mechanisms.

Lifetime sample fabraication is a useful method to inestigate lifetime of charge
carriers, recombination mechanisms and material quality which does not require any
metallization process. Therefore, lifetime samples with symmetrical passivation
layer and symmetrical emitter and passivation layer samples were fabricated in
addition to PERC. While only LID testing conditions were applied to investigate
cells, in lifetime samples, both LID and LeTID effects were investigated. For the
fabrication of cell samples, the PERC structure was preferred for its well-known

design and state-of-the-art level of knowledge in ODTU GUNAM.

3.1 PERC Sample Fabrication

The fabrication plan for PERC is shown in Figure 3.1.
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First, as cut wafers were textured to form pyramidal shapes to reduce reflection on
the surface of the wafer. Then, they were applied to a diffusion process to form the
required p-n junction. After a single side etching of the rear side of the wafer to
remove unwanted diffused phosphorus atoms, Al2Os layer was deposited to the
samples by an atomic layer deposition device. Front dielectric with two different
recipes of SiNA and SiNB and rear dielectric layers were deposited by PECVD, and

ablation for LCO was done with a picosecond laser. Finally, samples were screen-

p-type B-doped 0.2, 1.5, 650 Q.cm

Texturing/Cleaning

POCI, Diffusion

Single Side Etching + HF

Al,0O; Deposition/Activation

SiNA J [ SiNB

Rear SiN,

LCO

Screen Printing

Firing

Sorter/SunsV . Measurements

LID Treatment

) ) ) U U U\ U U

Figure 3.1: PERC fabrication plan.

printed and underwent the firing process.

3.1.1

In this study, 158.75 x 158.75 mm? (G1) size samples with base resistivities of 0.2,
1.5, and 650 Q.cm were laser cut by a nanosecond marker laser to 156.75 x 156.75

mm? (M2) size and were used as substrates. Ingots had been growth in KALYON

Characteristics of Wafers
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PV facility. Each base resistivity group was selected from the same ingot position,

C, as shown in Figure 3.2.

The reason for laser cutting is that the ODTU GUNAM Photovoltaic Line (GPVL)
able to process M2-size wafers. Three different wafer groups were selected

according to their base resistivities and ingot positions, are shown in Table 3.1.

Table 3.1: Characteristics of wafers that were used for the fabrication of samples.

Base Resistivity Wafer Thickness
Dopant Ingot Positions
(Q.cm) (um)
B 0.2 C 170+ 10
B 1.5 C 170+ 10
B 650 C 170+ 10

During the growth of the Cz-Si ingot, [Oi] levels vary along the ingot position, as
shown in Figure 3.2 from T to A, which oxygen concentration is lowest at the section
T and it increases along A [80]. Therefore, the ingot position of the wafer is an
important parameter that can potentially affect the degradation level. All wafers were
chosen from the exact position of ingots, and each group of wafers was chosen as

sister wafers for the sake of comparison.

T D C B A

Pulling Direction

Figure 3.2: Wafer positions in the ingot.
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3.1.2 Samples Surface Morphology Modifications

After the ingot growth process, the wire sawing process with a special wire coated
with diamond or silicon carbide particles is used to have thin slices of ~170 um

thickness as-cut wafers.

[100] [111]
l 7N

Figure 3.3: Surface modification with KOH solution to form a pyramidal textured
surface.

For the surface modification, as-cut wafers were exposed to the texturing process by
a mixture of KOH, deionized water (DI), and monoTEX additive solution in Rena
BatchTEX tool to increase the light trapping and reduce the reflection from the
surface by forming random pyramidal morphology on the surface of the wafer. KOH
is a commonly known chemical for its anisotropic etching characteristic widely
preferred in Si etching processes. KOH has specific etching rates that depend on the
crystal plane directions, creating a pyramidal structure with a height of 2-3 um as
shown in Figure 3.3. Following the texturing process, wafers were exposed to ozone

and HF cleaning.

3.1.3 Emitter Formation

The emitter formation, called the doping process, was applied to form an n" region
at the front side of the samples for the required p-n junction. For emitter formation,
liquid POCIs source was used under atmospheric conditions with N2 and O2
precursors. Then phosphosilicate glass (PSG) forms on both surfaces, and
phosphorous atoms inside the glass layer are driven into the Si bulk at high-
temperature drive-in application, resulting in the sheet resistance of ~90 Q/o with

0.3-0.5 pm thickness.
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Following the emitter formation, the rear side of the wafer underwent the single-side
etching (SSE) process in Rena Inpilot device to remove rear-side doping. Rear side
emitter removal was critical due to the collection of electrons from the n* region at
the front side and holes at the rear side effectively to generate electricity from solar

cells by p-n junction structure.

3.14 AL O3 Deposition

Al203 is a widely used rear side passivation layer in PERC fabrication. The ALD
method was used for its high-quality passivation ability and high control of
deposition thickness for AlOs deposition. While the aluminum precursor
trimethylaluminum (TMA) was used, DI water was preferred as the O precursor. At
200 °C, the sample went forward and back at the reactor zone until 5 nm Al2O3 layer
formation with ~0.13 nm deposition thickness at each cycle. After the Al2O3
deposition, it was exposed to the annealing process in an annealing furnace at 425
°C for 15 minutes under N2 ambient for its activation and degassing to prevent it from

blistering.

3.1.5 SiNx Deposition

For the deposition of SiNx:H layer, an industrial-size¢ PECVD system at low
frequency was used. Passivation layers were deposited with varied flow rates of NH3,

N20, N2 and SiHa4 gasses at 170 Pa and 450 °C.

Table 3.2: Refractive indices of deposited films at 632 nm wavelength [81].

Recipe Name Refractive Index (n) Thickness (nm)
SiNA 2.04 95
SiNB 2.18 95
SiNC 1.96 55
SiOxNy 1.73 20
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Two different passivation layers, SiNA and SiNB, were preferred for front side
passivation to investigate the effect of varied SiNx:H layers on degradation and
regeneration processes. By varying the flow of gases, hydrogen concentrations inside
the dielectric layers and refractive indices were varied. The rear side capping layer

of SiNx layer was kept identical.

3.1.6 Laser Contact Opening (LCO)

For the local ablation of rear dielectric layers of PERC samples to form rear metal

contacts, the wavelength of 532 nm picosecond laser was used.

3.1.7 Screen Printing

For the metallization process, the screen-printing method was used. For the front
side, 129 fingers 5 busbar structure with fire through silver (Ag) paste was used to
form front contacts during the firing step while the rear side was printed fully with
non-fire through Al paste, which only 3% is in contact with Si-bulk. The metal

fraction at the front side is 4.4%, with a cell area of 244.3 cm?.

3.1.8 Firing

After the screen-printing of samples, they were exposed to firing steps to form
contacts. During the firing, diffusion of hydrogen atoms from the SiNx:H layer to the
bulk for passivation of interface defects and bulk defects occurs. An industrial firing
recipe for PERC was preferred to investigate hydrogen diffusion under the same

conditions among different SINA and SiNB.
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3.2 Lifetime Sample Preparation

In section 3.1, the general process flow for PERC fabrication is given. Two different
groups of lifetime samples are named front emitter and front, which are
symmetrically fabricated with emitter and front surface passivation and only front
surface passivation without emitter identical to layers used in PERC fabrication. In
the Front group, the only difference with Front Emitter was the existence of emitter.
They identically passivated with the front passivation layer of the PERC group

without an emitter.

Front Front
Emitter

p-type 0.2, 1.5, 650 Q.cm ]

Texturing/Ozone Cleaning ]

POCI, Diffusion/HF |

Fron ARC SiN, Deposition (Recipe A & B)

Firing

LID/LeTID Treatments (Halogen and Laser
[llumination)

[
[
[
{
[
( Sinton Lifetime/PLI Measurements
[
{

— . U J )

Sinton Lifetime/PLI Measurements

Figure 3.4: Fabrication plan of lifetime samples.

Dielectric deposition was applied for the lifetime sample fabrication sequence after
the texturing and surface cleaning process. Then, samples were subjected to a firing

process. The fabrication of lifetime samples is shown in Figure 3.4.
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33 Investigation of LID and LeTID

3.3.1 LID Treatment

The LID mechanism, which is caused by B-O defects, was mentioned in section 2.1,
according to three state model. B-O defects were at the inactive state until exposure
to illumination or carrier injection and can be passivated by illuminated annealing.
Within this work, illumination with halogen lamp was preferred for the degradation
of samples while passivation of B-O defects was applied with two different methods:

illuminated annealing with halogen lamp and hot plate, and laser illumination.

3.3.1.1 INluminated Annealing with Halogen Lamp

For the activation of B-O defects, ~1 sun intensity illumination at ~115 °C is
preferred. The level of temperature is caused by the halogen lamp itself. For the
regeneration of B-O defects, the illuminated annealing process is applied. A hot plate
is used as a heat source with 170 °C and ~1 sun illumination intensity. After the

regeneration process, samples were followed for the stability check.

3.3.1.2 Laser Illumination

915 nm wavelength diode laser is used for the laser illumination process. For the
regeneration process, samples are positioned away from the laser source to an 11.8
cm distance with 174 suns intensity and a diameter of 2.7 cm active area with 10
seconds of illumination time. No extra heat source was preferred due to the high

carrier injection level of the laser and elevated heat provided itself.
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3.3.2 Calculation of [Fei] Inside the Bulk

Due to the weak bonding strength of FeiBs pairs, they can dissociate from each other
during light soaking with a halogen lamp. For this purpose, samples were exposed
to 1-sun intensity illumination for the fully dissociation of FeiBs pairs. During the
light soaking process, N2 gas was exposed to each sample to obstruct any unwanted
excess heat on samples. After the dissociation of FeiBs pairs by illumination, samples
were kept in a dark room well enough to let association of FeiBs pairs back. Lifetime

measurements were carried out after association and dissociation of those pairs.

333 Calculation of [Hto] Inside the Bulk

Although there are various methods for the calculation of hydrogen atoms inside the
bulk such as SIMS and DLTS, those methods can be challenging for the requirement
of high vacuum or cryogenic temperatures. The variation of base resistivity of a
sample by the formation of H-B bonds has been mentioned in section 2.3.3. The
application of heat with a hot plate in a dark room can provide required conditions
for the bonding of hydrogen and boron atoms. For this purpose, hot plate was set to

190 °C and measurements were taken hourly by Sinton WCT-120TS device.

3.34 LeTID Treatment

LeTID degradation occurs in a longer time when we compare it with the LID
mechanism. For the investigation of LeTID, hot plate was used as heat source at 180
°C. To investigate LeTID, first, LID treatment was applied to the samples to
eliminate the possible effect of B-O complexes during the LeTID degradation. Then,

samples were exposed to LeTID conditions and followed.
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34 Characterization Methods

3.4.1 Sinton WCT120TS Lifetime Tester

Effective lifetime measurement (teff) in non-metal samples is valuable for the
investigation and optimization of different layers that are used in the fabrication of a
solar cell. Therefore, Sinton WCT120TS device is used for measuring the lifetime
of samples. There are two main methods for determining the lifetime of a sample:
quasi-steady  state  photoconductance decay (QSSPC) and transient
photoconductance decay (PCD) methods.

In QSSPC method, a flashlight is exposed to a lifetime sample with at least 10 times
slower decay constant than its lifetime, which means excess carriers are or nearly in
a steady-state condition, so carrier generation and recombination are in balance [82].
Then, photoconductance in each injection level is measured by an RF coil. Due to

this method, very low lifetime samples can be measured easily.

In PCD method, a short pulse of light is exposed to sample with a rapid peak and
decay. Then photoconductance is measured after the evenly redistribution of carriers
along the wafer. PCD method is very beneficial to measure high lifetime (>200 ps)

samples.

34.1.1 H-B Pairs

Apart from lifetime measurements for the extraction of LID and LeTID effects,
Sinton WCT120TS device also can be used for the base resistivity measurements.
As mentioned in section 2.3.3, formation of H-B pairs has a certain influence on base
resistivity of silicon wafer. Application of heat treatment after the firing is known to
cause transfer hydrogen dimers [H,4] into [BH] pairs. Thus, base resistivity of the
sample decreases due to hydrogen passivation of dopant atoms. By using measured

resistivities after heat application, absolute hydrogen concentration can be
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calculated. For the annealing, 190 °C was preferred in a dark room. By measuring

samples at a certain time interval, base resistivity variations were followed.

3.4.2 Sinton SunsV,. Tester

The measured Voc value of a cell is an important parameter in investigating cell
quality and variations on it. By using Sinton SunsVoc tester, investigation on a cell
can be done easily and rapidly. During the measurement of Voc value, the
illumination intensity that is exposed to the sample is critical. For the measurement,

contacts from the front and rear sides must be taken.

3.4.3 Sun I-V Sorter

Sun I-V sorter device is a measurement method for solar cells. It takes contacts by
probes according to the same number with busbar and multiple pins on each probe.
By homogeneously contacting along the cell from metallized regions, Voc, Jsc, FF and

n measurements can be done successfully.
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CHAPTER 4

RESULTS AND DISCUSSION

Sample fabrication was divided into two main groups: cell and lifetime groups. In
the lifetime group, samples were fabricated symmetrically. To investigate the effect
of the front passvation layer, two different recipes for the silicon nitride layer, SINA
and SiNB, were preferred, and they deposited to textured wafers with base
resistivities of 0.2, 1.5, 650 Q.cm. In addition, as symmetrical lifetime group of
samples with emitter was fabricated. After the texturing process, samples underwent
a diffusion process to form an emitter at both sides of the wafer. Then, the same
passivation group of SiNA and SiNB was deposited separately on three different
base resistivity samples. Finally, the fabrication of cell samples was carried out. Rear
passivation layer was kept identical for all samples group. While, for the front
passivation layer, SINA and SiNB were preferred in identical samples to compare
front side passivation layer effects on the solar cell. Lifetime samples were cut into
5 cm x Scm samples with a marker laser. For the investigation of lifetime samples,
three different small samples from identical wafers which was preferred identical

positions from the wafer used.

4.1 Fabricated Samples

Fabricated samples with their labels were identified in the table below. Base
resistivities of 0.2, 1.5, and 650 Q.cm samples were used as substrates. Emitter
formation was applied to Groups A, B, E, F, J and K symmetrically for lifetime
samples and one-sided for cell samples. While in samples of Group C, D, G, H, L
and M, emitter formation was not preferred and only lifetime samples were

fabricated from those samples.
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Table 4.1: Labels of fabricated samples.

0.2Q.cm 15Q.cm 630 Q.cm

With ematter Without emitter With emutter | Without emitter |  With emutter | Without emutter

SINA | SINB SINA | SINB | SiNA | SINB | SiNA | SiNB | SiNA | SiNB | SiNA | SiNB

Group | Group | Group | Group | Group | Group | Group | Group | Group | Group | Group | Group
A B C D E F G H J K L M

To understand the characteristics of the passivation layers of SINA and SiNB, the
simulation results of Jgen and losses due to the reflection and absorption was shown
in the table below.

Table 4.2: The simulation results of Jeen and losses caused by reflection and
absorption for SiNA and SiNB [85].

Name of Refractive  Loss in Jgen (mA.cm™) JGen (MA.cm?2)
Recipe Index Reflection Absorption
SiNA 2.18 0.48 0.36 43.60
SiNB 2.04 0.64 0.01 43.79

According to the table Table 4.2, Jgen was higher for SiNB passivation layer.
Although the loss in reflection was higher in SiNB, it had almost zero absorption.

On the other hand, SiNA has a certain loss because of both reflection and absorption.

After the fabrication of cell samples, they were measured with Sun I-V Sorter.
According to the results in Table 4.3, SiNB samples of Group B, F and K had higher
Netf and Jsc values than SiNA samples of Group A, E and J. The difference in initial
measurement of fabricated cells can be explained by Table 4.2. The difference in
losses on Jgen caused by the reflection and absorption from the passivation layer at

the front directly affected the Jsc and caused a difference in cell efficiency.
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Table 4.3: The average results of fabricated cell samples.

Jsc,average Teff,average
Group A 37.6 19.6
Group B 38.0 19.8
Group E 38.6 20.0
Group F 39.0 20.1
Group J 35.7 17.0
Group K 35.9 17.3

The results of lifetime samples as shown below. The highest lifetime values were
observed in 650 Q.cm base resistivity samples of Group J, K, L and M. The reason
was the lack of dopant concentration causes low recombination which means higher

lifetime for generated electron-hole pairs.

Table 4.4: Sinton WCT-120TS measurement results of lifetime samples.

Samples Tetr,average iVoc,average
Group A 8.0 646
Group B 8.2 648
Group C 11 654
Group D 14 660
Group E 65 654
Group F 71 656
Group G 107 668
Group H 122 672
Group J 515 653
Group K 540 654
Group L 1250 670
Group M 1370 673
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For 0.2 Q.cm base resistivity samples of Group A, B, C and D, lifetime values were
the lowest because of excess concentration of dopant atoms that caused higher

recombination for generated electron-hole pairs.

4.2 Investigation of LID

To investigate LID mechanism, degradation and regeneration processes were
optimized separately. The optimization of recipes was carried on lifetime samples

first, then applied to cell samples.

4.2.1 Optimization of Degradation Process

Light soaking (LS) under 1-sun intensity with a temperature of ~115 °C was applied
to investigate LID degradation. The heat source during the light soaking step was the
halogen lamp itself, and no extra heat was applied apart from it. The response of

samples under light soaking conditions was shown in the figure below.
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Figure 4.1: Degradation with light soaking of identically passivated 0.2 Q.cm base
resistivity samples with emitter, Group B and without emitter, Group D samples.
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According to Figure 4.1, in 30 minutes, 0.2 Q.cm base resistivity samples were
degraded and no further degradation occurred for a longer duration of exposure.
Instead, as the exposure time increased, a recovery was observed in samples. To
check the stability of that recovery, samples were kept in a dark room for some time.
Measurements were carried out once and tefr values were dropped approximately to

the initial values of samples.
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Figure 4.2: Degradation with light soaking of identically passivated 1.5 Q.cm
samples with emitter, Group F and without emitter, Group H samples.

As depicted in Figure 4.2, the degradation process response of Group F and H were
in the same trend as Group B and D. From the measured results of samples after

some time, they were recovered to their initial value as in Group B and Group D.

The results of 650 Q.cm base resistivity samples with the application of light soaking
for the degradation was shown in the figure below. Although Group M samples
showed an increase in tefr after 30 minutes of light soaking, Group K showed slight
or no change to light soaking process. Due to the very low boron dopant

concentration level at the bulk, the formed concentration of B-O defects on both
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Group K and M was very low. Therefore, a small or no change was expected in Teft.
To understand the origin of the increase in Group K samples, equivalent samples
were subjected to heat treatment which was identical to the heat of the samples that
were exposed during the light soaking for 30 minutes. According to the tefr and Jo
results, there was no significant change was observed due to the heat treatment.
Therefore, the increase in Teff can be attributed to the carrier injection effect of the

light soaking process.
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Figure 4.3: Degradation with light soaking response of identically passivated 650
Q.cm samples with emitter, Group K and without emitter, Group M samples.

However, when we compared the surface recombination (Jo) values at initial and
after 30 minutes of light soaking, for Group M samples, a reduction in Jo was
observed while there was no change in Jo of Group K samples. In other words, 30
minutes of light soaking can reduce the Jo in the absence of an emitter while it can

be increased again with a longer duration of light soaking application.
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4.2.2 Dark Annealing Enhanced Degradation Process

Dark annealing is known for its ability to recover B-O related degradation
mechanism temporarily. One more critical effect of dark annealing is providing
inactive defects from precursor State D to State A as mentioned in section 2.1. For
the investigation of State D as depicted in three state model, samples were exposed
to a dark annealing process at 200 °C after the light soaking step. Then, they were

exposed to further light soaking steps to observe increased degradations.

12
==
== =3
8— @ % E
_ -
3 ==
A = =5
4 4 E
==
==
M Group B
B GroupD
D T T T T T T T T
g ¢ 5§ 5 & 57
S S ) 5 S

Figure 4.4: Dark annealing enhanced degradation of identically passivated 0.2
Q.cm samples with emitter, Group B and without emitter, Group D samples at 200
°C.

As in the figure above, the degradation extent after the first and second light soaking
process was increased after dark annealing in both Group B and D samples. B-O
defects concentration in State A was increased with dark annealing application which
was expected [13], [86]. Therefore, a dark annealing process was required for higher

extent of B-O defects passivation.
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Figure 4.5: Dark annealing enhanced degradation of identically passivated 1.5
Q.cm samples with emitter Group F and without emitter, Group H samples at 200
°C.

Also, the same phenomenon, increased activation of B-O defects by dark annealing
application was observed in the samples of Group F and H. Therefore, integrating
the dark annealing step for the permanent passivation of B-O LID can be beneficial
for an advanced level of regeneration and stability of samples. However, the duration
and temperature of dark annealing application should be decided carefully.
According to the time and temperature of the application, it can cause whether

enhancement or reduction of degradation caused by LeTID mechanism [53].

Normalized defect density (NBo") of B-O defects can be used to investigate the effect
of dark annealing on the concentration of B-O complex. As described in section

2.1.1, Eq. (2.1) was used for calculations.
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Figure 4.6: Normalized defect density of B-O defects for identically passivated
Group D with 0.2 Q.cm base resistivity and Group H with 1.5 Q.cm base
resistivity. LS1 is degradation after the initial condition while LS2 is degradation
after dark annealing application, dashed lines are guide to eyes.

Group D and H samples were exposed to LS1 with 30 minutes of illumination under
I-sun intensity. Then, they were exposed to a dark annealing step for temporary
recovery from a degraded state. After applying LS2 following the dark annealing,
there was a certain increase in N o triggered by dark annealing that supplied B-O
defects to State A from State D [86]. Moreover, the concentration of N go of 0.2
Q.cm base resistivity samples was significantly higher than 1.5 Q.cm samples as

expected [20]-[22].

4.2.3 Optimization of Regeneration Process

After the degradation process of B-O defects, they need to undergo a regeneration
process to recover from the degraded state. The regeneration process, which also can

be called hydrogenation, with a halogen lamp and heat application by a hot plate was
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investigated for the recovery. The effect of different temperature of hot plate was

investigated by keeping the one sun intensity value constant.

24
184 =i —]
= =
g =
= 12
=
L
| == =
5 e B Group 150 °C
B Group 170 °C
Group 190 °C
0 I 1 I 1 I 1
2 & N N N &
& @fa'r‘\ er@ ¥ o o
Qe§ \a N N
\s§ \g

Figure 4.7: Optimization of B-O LID regeneration process on 0.2 Q.cm samples of
Group D with a constant illumination of 1-sun intensity and varying temperatures
of 150, 170 and 190 °C.

As in Figure 4.7, during the 150 °C illuminated annealing, effective lifetime
increases as the duration of exposure. However, regeneration was not permanent in
further measurements after some time. Thus, 150 °C only recovers degraded lifetime
temporarily. Also, the change during 190 °C treatment was not as significant as 170
°C and caused further degradation of samples after a while. On the other hand, at 170
°C, the regeneration was maximum and permanent at 1 hour treatment for 0.2 Q.cm

base resistivity.

According to Figure 4.8, 170 °C temperature with one sun intensity illumination for
30 minutes seems the best recipe for 1.5 Q.cm base resistivity samples. Although

samples showed a recovery under illuminated annealing at 150 °C temperature, it
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was not stable. After some time, the lifetime value dropped significantly. On the
other hand, a degradation from the regenerated state was observed after some time
on 190 °C illuminated annealing samples. Thus, the regeneration recipe for B-O LID
should be adjusted according to the base resistivity of the samples due to different

concentrations of B-O defects.
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Figure 4.8: Optimization of B-O LID regeneration process on 1.5 Q.cm samples of
Group H with a constant illumination of 1-sun.

After optimizing LID cycle on lifetime samples, the optimized recipes were applied
to cell samples of Groups A, B, E, and F. According to the results, diffused hydrogen
inside the bulk from both passivation layers of SiNA and SiNB was enough to
passivate B-O defects successfully. Therefore, no difference in B-O LID
regeneration was observed on differently passivated samples. On the other hand, a
significant difference in AVoc in base resistivity of 0.2 and 1.5 Q.cm base resistivity
samples was observed as expected [20]-[22]. As the concentration of boron dopant

atoms increased, the extent of B-O related degradation also increased.
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Figure 4.9: Regeneration of cell samples of 0.2 Q.cm base resistivity Group A and
B passivated with SiNA and SiNB, and 1.5 Q.cm base resistivity Group E and F
passivated with SiINA and SiNB.

To investigate the effect of dark annealing application on the degradation and
stability, the best recipe for B-O regeneration with 170 °C with one sun intensity was
applied to 1.5 Q.cm samples of Group G, with SiNA passivation and Group H, with
SiNB passivation. According to the results of each LID cycle as in Figure 4.10, they
were close to each other among the same nitride groups as expected until the stability
check step. Group G and H samples showed a certain degradation after regeneration
of B-O defects. However, the same group of samples except those exposed to dark
annealing did not show degradation yet. The reason was the effect of dark annealing
on supplying inactive defects from precursor State D to State A. Providing those
defects into State A can be activated during the second light soaking step. In other
words, the extent of degradation from B-O defects was increased. Finally, by
applying illuminated annealing, more B-O defects were passivated and the stability
of the samples was enhanced. Without dark annealing application, State D can supply
B-O defect into State A during increased heat conditions in the future. Therefore, the

sample will have a higher potential to degrade under sunlight.
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Figure 4.10: The effect of dark annealing enhanced B-O defect activation on LID
regeneration on 1.5 Q.cm samples of Group G with passivation of SINA and Group
H with passivation SiNB.

For the regeneration, as an alternative way to a halogen lamp and hot plate method,
a 915 nm diode laser was used for the first time. As indicated in section 2.1.2, laser
hydrogenation provides fast and advanced passivation for existing defects. For this
purpose, samples were degraded first, to observe the regeneration B-O defects of the
laser. Then, 124 + 5 suns intensity for 10 seconds was applied to samples for the
regeneration. According to the results in Figure 4.11, both samples with 0.2 Q.cm
base resistivity responded to hydrogenation. The results after laser hydrogenation
were stable. However, their tefr after regeneration was not as high as halogen lamp
and hot plate method that were applied to identical samples of same groups. One of
the reasons can be the duration of time. Although 10 seconds was enough to passivate
a certain amount of B-O defects, a longer period may be needed to passivate more

defects for 0.2 Q.cm base resistivity samples.
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Figure 4.11: The results of laser hydrogenation with 915 nm diode laser under 124
+ 5 suns intensity of 0.2 Q.cm base resistivity samples of Group C and D
passivated with SiNA and SiNB.

In Figure 4.12, laser hydrogenation of 1.5 Q.cm base resistivity group of samples
was applied to Group G, passivated with SiNA and Group H, passivated with SiNB
samples. According to the results, 10 seconds was enough to passivate B-O complex
at the same rate as halogen lamp and hot plate method and the results were stable.
Teff results of identical samples that regenerated with two different methods were at
the same level. In other words, laser hydrogenation with 915 nm diode laser can be

used as a fast and effective way for the hydrogenation of B-O defects.
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Figure 4.12: The results of laser hydrogenation with 915 nm diode laser under 124
+ 5 suns intensity of 1.5 Q.cm base resistivity samples of Group G and H
passivated with SINA and SiNB.

4.2.4 Determination of Diffused Hydrogen Concentration Inside the Bulk

For the calculation of hydrogen concentration inside the bulk, the variations in base
resistivity of the samples were followed. For this experiment, base resistivity
variation on 1.5 Q.cm base resistivity samples was followed. 650 Q.cm base
resistivity could not be used because the maximum base resistivity that Sinton WCT-
120TS device can measure is 100 Q.cm. On the other hand, in 0.2 Q.cm samples,
the dopant concentration was too high. In other words, too many boron atoms can
form bonds with hydrogen atoms. However, as the dopant concentration increases,
the change in base resistivity with a constant hydrogen concentration inside the bulk
that bonds with boron atoms becomes undetectable. Therefore, base resistivity
observation on 0.2 Q.cm samples was challenging. The variations in base resistivity
of the 1.5 Q.cm samples under dark annealing at 190 °C for 9 hours were shown in

Figure 4.13. Although the initial base resistivities of SINA and SiNB passivated
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samples were identical, their response to dark annealing which was known to cause
the formation of B-H pairs were different. The amount of H-B pairs formed was
higher in SiNB samples deduced from the base resistivity variation. As the base
resistivity of the sample increases, it means more boron dopant atoms formed
bonding with hydrogen atoms. Therefore, the concentration of hydrogen diffused
into the bulk was higher in SiNB passivated samples than in SiNA passivated

samples.

The refractive index of SINA was 2.18 and SiNB was 2.04. SiNA had a less dense
structure and higher hydrogen concentration than SiNB. However, hydrogen atoms
are more prone to exist in H2 form in less denser structures. Moreover, H2 form of
hydrogen atoms was more prone to effuse environment instead of diffusing inside
the bulk during the firing [71]. On the other hand, in SiNB, hydrogen atoms was in
a monoatomic state. Therefore, the diffusion of hydrogen atoms inside the bulk was
easier and the higher hydrogen concentration diffused to the bulk in SiNB passivated

samples as expected [61].
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Figure 4.13: The average variation of base resistivity on 1.5 Q.cm base resistivity
samples symmetrically passivated with SiNA and SiNB by dark annealing at 190 °C
for 9 hours.

To calculate the diffused hydrogen concentration into the bulk, Eq. (2.12-18) was

used. The calculated results are as in the table below.

Table 4.5: Calculated hydrogen concentrations of deposited silicon nitride layers.

Silicon Nitride Layer Hydrogen Concentration (cm)
SiNA 7.75 x 10
SiNB 1.00 x 10"

The concentration of hydrogen atoms in the bulk was higher in samples passivated

with SiNB layer 2.25 x 10'* cm™ than in SiNA layer passivated samples.
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4.2.5 Calculation of Iron Impurities

For the investigation of iron concentration inside the bulk, measurements after the
association and dissociation of FeiBs pairs with light soaking and dark room storage
were followed [46]. The critical point for determining time requirement for the light
soaking for fully dissociation, lifetime value can be followed. Due to the asymmetric
capture cross-section of iron impurities, the lifetime value increases with the
dissociation of pairs [45]. To determine the illumination durations for the fully
dissociation of FeiBs, they were exposed to halogen lamp illumination for short time
scales. Illumination was set to 1-sun intensity. During the illumination, to obstruct
the possibility of excess heat of more than 50 °C, N2 gas was exposed to the samples
to prevent any change in base resistivity.

Table 4.6: Required times for association and dissociation of FeiBs pairs for 0.2,
1.5 and 650 Q.cm base resistivity groups.

Required Time needed Required
Dopant Base time for the for the time for the

Concentration  Resistivity dissociation formation of formation of

Na (cm?) (Q.cm) of Fe;iB; 5% FeiBs 95% FeiBs
pairs pairs pairs
9.7x 10" 1.5 70 sec 80 sec 1.2h
1x 10" 0.2 30 sec 7 sec 7 min

The optimized time requirements for the complete dissociation of FeiBs pairs was as
shown in the table above. Also, from Eq. (2.2-3), the required time for the association
of FeiBs pairs for each base resistivity group of 0.2 and 1.5 Q.cm was calculated as
shown in Table 4.6. To calculate the constant C, v, was taken 1.1 x 10'7 cm/s [87],

Fe; _Fe; _FeB

while o, *, N

and O'pF ¢B was taken from [88]. The lifetime measurements

were done at varied excess minority carrier density (An) values according to the base

resistivities of samples [45]. After waiting well enough to let fully association of
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FeiBs pairs, iron concentrations of each ingot group were calculated using Eq. (2.4)

from the measured lifetime results.

Table 4.7: The concentration of Fei impurities at each ingot.

Measured loss in pseudo

Base Resistivity Iron concentrations
efficiency (%ans) caused by
(Q.cm) (cm?)
iron contamination
1.5 (1.8+£0.2) x 10" 0.1
0.2 (3.8+£0.4) x 10" 0.2

The iron concentration of each ingot group as shown in Table 4.7. The results are
compatible with the literature [89]. Also, loss in pseudo efficiency caused by iron

contamination was measured.

4.3 Investigation of LeTID

For the investigation of LeTID, boron-doped samples were exposed to LID
regeneration process to prevent any B-O defect related effects interference during
LeTID investigation. Following the regeneration process, samples were exposed to
LeTID condition which is 180 °C set temperature with a hot plate for 40,000 minutes.
According to the results, both samples showed LeTID related degradation at a certain
level. Although the hydrogen concentration inside the bulk of Group H samples was
2.25 x 10" ¢cm? higher than that of Group G samples, the levels that they degraded
were very close to each other. However, Group H showed a faster degradation than

Group G samples in contrast to literature [59].
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Figure 4.14: LeTID response of Group G and Group H samples at 180 °C heat in a

dark room.

Thus, a higher hydrogen concentration in the bulk caused a faster LeTID while lower

hydrogen concentration required a longer time for fully degradation and recovery.

On the other hand, 2.25 x 10! c¢m™ difference in hydrogen concentration did not

affect the extent of LeTID at a significant rate.
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CHAPTER 5

CONCLUSION

In this thesis, the effect of base resistivity and varying hydrogen concentrated silicon
nitride passivation layers on the B-O LID and LetTID mechanisms was investigated.
According to the results, base resistivity significantly impacts the extent of B-O
degradation. By calculating N'so values of 0.2 and 1.5 Q.cm base resistivity
samples, the dependence of B-O defect concentration on base resistivity was
investigated. N"so of 0.2 Q.cm samples was calculated higher than 1.5 Q.cm base
resistivity samples. On the other hand, the concentration of diffused hydrogen into
the bulk from both layers was observed sufficiently enough to passivate B-O defects
fully. In addition, the effect of the thermal precursor state of B-O defects State D was
observed by applying a light soaking following the dark annealing. An increased
degradation compared to first light soaking process was a proof of the existence of

State D for B-O defects.

To calculate hydrogen concentration inside the bulk, samples were exposed to a
temperature of 190 °C on a hot plate in a dark room. By measuring the base resistivity
of samples hourly, base resistivity variation was followed. Hydrogen concentration

inside bulk on samples was calculated from base resistivity variations.

Laser hydrogenation as an alternative method for the regeneration of B-O complex
was performed with a 915 nm diode laser with 124 + 5 suns intensity for 10 seconds.
According to results, a fast and stable regeneration method was successfully

performed.

To calculate iron concentration in each group of samples, they were exposed to a

short light soaking under 1-sun illumination with a cooling condition. Iron
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concentrations were calculated by measuring effective lifetime values after light

soaking and dark storage.

To investigate LeTID mechanism, samples were exposed to a B-O passivation step
to obstruct any interference with LID. Then, samples were placed on a hot plate with
a 180 °C set temperature. Measurements were carried out periodically to observe
variations related to LeTID. According to the results, the extent of degradation
caused by LeTID was the same for hydrogen-concentrated samples. However, as the
hydrogen concentration increases, degradation occurs faster than in lower hydrogen
concentrated samples. In other words, increasing hydrogen concentration caused a

faster degradation.

Thus, base resistivity directly affects the extent of B-O related degradation. Although
diffused hydrogen concentration into the bulk was different on SiINA and SiNB
passivated samples, it was enough for the passivation of B-O defects in both group
of samples. Finally, increased hydrogen concentration caused a faster formation of

LeTID instead of causing higher extent of degradation.
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